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Abstract
This thesis presents a general model for the carbon footprint analysis of advanced wastewater
treatment plants (WWTPs) with biological nitrogen removal processes, using a life cycle
assessment (LCA) approach. Literature on greenhouse gas (GHG) emissions and LCA are
reviewed and the methodology employed in the analysis is discussed. Two selected WWTPs in
Madrid, Spain, i.e. La Gavia and Boadilla, are analyzed and the carbon footprints are calculated,
using GaBi software by PE-intemational.
In quantifying the N20 emissions from the biological nitrogen removal processes in the WWTPs,
huge uncertainty on N2 0 emission factor is identified and thus a comprehensive study on N20
generation and emission is conducted. Different measurement strategies are investigated and an
on-site aqueous N20 measurement is carried out at Boadilla WWTP. Estimation of N20 emission
from the plant is given and compared with other calculation results. Recommendations on future
measurement campaign are provided at last.
The final results have shown that a big portion of the carbon footprints from the WWTPs is from
the indirect emissions of C0 2, which is caused by the intensive energy consumption. However,
the emissions resulting from the N20 in biological nitrogen removal processes cannot be ignored.
Depending on different estimation methodologies, and the operational conditions that affect the
N20 production, the N2 0 emission can range from 17% to 38% of the total carbon footprint of
the WWTP.
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1 INTRODUCTION
1.1 Background
Global climate change, also known as global warming, is caused by the atmospheric build-up of
greenhouse gas. The increased concentration of greenhouse gas in the atmosphere directly leads
to global temperature rise, which in turn causes sea level rise, flooding, and extreme weathers.
The three major greenhouse gases are generally considered as carbon dioxide (C0 2), methane
(CH 4) and nitrous oxide (N20, also known as laughing gas). CO2 is no doubt the most important
of all greenhouse gases, followed by CH4, which has a 21 times greater global warming potential
(GWP) than CO 2 on a 100-year base. Although N20 is the least abundant among these three
gases, contributing 4.5 percent of total GHG emissions (USEPA, 2011), the high GWP (310
C02-eq.) of N 2 0 has drawn people's increasing attention.
While people have focused on CO 2 emissions from construction, transportation and power
generation, wastewater treatment plants (WWTPs) also play a significant role. USEPA (2011)
has listed WWTPs as the 7 th largest contributors to both CH4 and nitrous N2 0 emissions.
Therefore, in order to reduce GHG emissions, more and more regulators worldwide began to
require and enforce mandatory reports and measurements on GHG emissions from WWTPs.
A typical WWTP consists of a series of unit processes including primary treatment, biological
secondary treatment, occasional tertiary treatment and sludge treatment. There are multiple
sources of GHG emissions (direct and indirect) from WWTPs. The major source of CO2
emission associated with WWTPs is from electricity consumed to operate different treatment
processes. CO2 is also a product of aerobic digestion in biological secondary treatment. CH 4 is a
typical product of anaerobic digestion employed in some forms of primary and secondary
treatment and in sludge digestion. N20 is the intermediate product resulting from incomplete
reactions in the biological nutrient removal process. The total N20 is also recognized for its
uncertainty among the three GHGs.
To properly account for all these emissions over the entire lifetime of a WWTP, a life cycle
assessment (LCA) is often conducted. There are various commercial LCA packages on the
market; and the GaBi 6 developed by PE International is used in this project.
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1.2 Project Description
This project is sponsored by Cadagua S.A., a water and wastewater utility company in Spain
seeking sustainable development and commitment to environmental regulations. In order to
better understand the real contributions to global warming from wastewater treatment plants in
Spain, they have requested an evaluation of the GHG emissions from WWTPs, and potential
methods to reduce such gas emissions, with particular emphasis on N20 emission.
In response to Cadagua's request, a team of three students in MIT's Dept of Civil and
Environmental Engineering's Master of Engineering (Bo Dong, Xin Xu and Jong hyun Lim)
visited Spain during January 2012. Based on the visit, the La Gavia WWTP in Madrid was
selected as a plant of interest, due to their data availability and the advanced treatment processes.
A previous report summarized the team's efforts on performing tasks of detailed literature
review on related issues, investigations on quantifying GHG emissions of WWTPs, application
of Life Cycle Assessments on the La Gavia WWTP, and the research on potential N20
measurement. In addition to the first visit, Xin Xu paid another visit to Boadilla WWTP in
Madrid in October 2012, spending a week measuring aqueous N20 concentrations in the
wastewater, as the basis of estimating the site-specific N20 emission. In this thesis, the LCA on
the La Gavia WWTP has been revised based on more recently available data, and a new LCA
model has been built for the Boadilla WWTP.
1.3 Objectives
Previous studies have been done to quantify various emissions from WWTPs, but they are either
on laboratory-scale or site specific. These studies can hardly be applied to any WWTP in Spain.
Therefore, the initial goal of this project is to quantify the contribution of WWTPs to global
climate change and to estimate the amount of emissions from each individual process within
selected WWTPs.
The Chapter 2 Literature Review describes in detail the GHG emissions, the concept of Life-
Cycle Assessment (LCA), the background of Cadagua S.A. and the two WWTPs selected. The
three of us wrote this chapter collectively. Chapter 3 provides a comprehensive Life Cycle
Assessment of the two plants. A detailed interpretation of the results is presented. Bo Dong
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contributed to parts of this Chapter. Chapter 4 mainly addresses the issue with regard to N2 0
emissions from the biological nitrogen removal processes. Different methods for N20
measurement are discussed and compared. The preparation and performance of the chosen
measurement strategy are described in detail, and the results of the measurements are discussed.
Finally, Chapter 5 summarizes the results and some recommendations are provided, which
provide a good reference for other WWTPs in Spain that employ similar processes. In addition,
as parts of the project, Jong hyun Lim did research on LCA of sludge management separately.
His work is included as Appendix C in this thesis.
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2 LITERATURE REVIEW
2.1 Green House Gas (GHG)
2.1.1 Emission Sources
The three major greenhouse gases are generally considered as carbon dioxide (C0 2), methane
(CH 4) and nitrous oxide (N20). The estimation of the amount of greenhouse gas emissions can
be made by several methods. For example, Figure 2.1 shows the total greenhouse gas emissions
by types of greenhouse gases, while Figure 2.2 shows emissions estimated by sectors.
HFCs, PFCs,
N20 & SF,
Figure 2.1 Greenhouse Gas Emissions by Types of GHG (USEPA, 2011)
Waste and
wastewater
3%
Residential
and
commercial
buildings
8%
Figure 2.2 Global Anthropogenic Greenhouse Gas Emissions in 2004 (IPCC, 2007)
13
2.1.2 Global Warming Potential (GWP)
The concept of global warming potential (GWP) is defined as the ratio of the radioactive forcing
of an instantaneous release of 1 kilogram (kg) of a trace substance relative to that of 1 kg of a
reference gas (IPCC 2001). The reference gas used here is C02, with the unit of carbon dioxide
equivalent (C0 2-Eq). Besides, difference gases have different residence times in the atmosphere.
The GWP is normally reported on a 100-year base. For example, CO2 itself has a GWP of 1
C0 2-Eq on a 100-year base. The GWP of CH4 is 21 times more powerful than that of CO2 .
Hence, the GWP of CH4 is 21 CO2-Eq. Similarly, the GWP ofN20 is 310 C0 2-Eq. Table 1
below shows the GWP of the three major greenhouse gases.
Table 1 Global Warming Potential of C0 2, CH4 and N20 (USEPA, 2011)
Gas GWP (CO 2-Eq)
(100 year)
CO2  1
CH 4  21
N20 310
The term carbon footprint is therefore, defined as the sum of all greenhouse gas emissions and
expressed as global warming potential (GWP) in the units of kg C0 2-Eq.
2.1.3 Direct Emissions
Under the concept of LCA, various emissions to the environment can be further grouped into two
categories - direct emissions and indirect emissions. Direct emission is easy to visualize. It
includes emissions within the treatment plant, such as non-biogenic carbon dioxide (CO 2),
nitrous oxide (N2O) and methane (CH 4). These gases come from both stationary sources, like
biological treatment process, and mobile combustion sources, like cars and trucks. The CO2
emission from secondary biological treatment process should not be counted as a direct emission,
due to its biogenic source (i.e., the CO 2 that is produced is equivalent to the CO 2 that was
14
extracted from the atmosphere due to photosynthesis). The detailed discussion of CO 2 is shown
in Section 2.1.5.
2.1.4 Indirect Emissions
Different from direct emissions, indirect emissions refer to emissions outside plants. However,
these emissions are directly caused by the product or process studied. Indirect emissions may
include emissions from the electricity purchased from power plants, during transportation and
from the production of chemicals. Past researches (Knosby et. al, 2010) have demonstrated that
indirect emissions would contribute more than 60 percent of the total greenhouse gas emissions
in WWTPs.
Biosolids, as the final product of the sludge treatment, need to be carefully studied in terms of
indirect GHG emissions. The transportation of waste biosolids is an important source of
emissions due to fossil fuel combustion. Moreover, the ultimate disposal of the biosolids can also
be a source of fugitive N20 and CH4 emissions, especially when waste is placed in landfills or
used for composting and agriculture application.
2.1.5 Carbon Dioxide
As shown in Figure 2.1, carbon dioxide (C0 2) contributes to more than 80 percent of total
greenhouse gas emissions. It is also the biggest contributor to the carbon footprints of WWTPs.
Emissions from both direct sources and indirect sources add up to total CO2 emission.
Some CO 2 comes from the secondary biological treatment process as a result of respiration of
organic matter (BOD). However, this amount of carbon dioxide is often neglected from
greenhouse gas accounting due to its biogenic origins (USEPA, 2006). Tillman el al. (1998)
adopted a similar approach in the LCA case study of municipal waste water systems, meaning
that the biogenic CO 2 is excluded from greenhouse gas emission from WWTPs.
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2.1.6 Methane
According to USEPA (2011), CH4 results in ten percent of the total greenhouse gas emissions.
Figure 2.3(a) shows that WWTPs are the 7h largest sectors that contribute to methane emissions.
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Figure 2.3 Methane Emission by Sectors (a) and Nitrous Oxide Emissions by Sectors (b)
(USEPA, 2011)
Methane (CH 4) can be released throughout the systems where anaerobic conditions exist. Most
of the CH 4 emissions come from open anaerobic reactors, lagoons and the sludge handling
processes. Limited amounts of CH4 can also be emitted from aerobic processes when it is poorly
managed. In real practice, CH 4 can be neutralized if burned (flared or employing other forms of
combustion). Energy, as a byproduct from this neutralization process, can be in turn used to heat
the anaerobic digester. Inefficiencies in the CH4 gas collection systems combined with the
incomplete combustion of the digester gases can still result in CH4 emissions.
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2.1.7 Nitrous Oxide
As Figure 2.3(b) shows, nitrous oxide results in 4.5 percent of the total greenhouse gas emissions,
which are often overlooked due to its relatively small amount in the atmosphere. It is still a fact
that WWTP is ranked the 7 th place in nitrous oxide emissions by sectors.
Nitrous oxide (N2 0) can be generated from a WWTP with a biological nutrient removal process,
which is designed to reduce the concentration of total nitrogen in the treated wastewater. N2 0 is
normally considered as a byproduct of the nitrification process and an intermediate product of
the denitrification process. The amount of N20 released depends on the operational conditions of
the biological nutrient removal processes. In addition, N2 0 emission can be found in the
receiving water, where treated effluent is discharged.
Although there is a lack of reference for a good estimation of nitrous oxide emissions from
WWTPs, the fact is that the N20 emission is bound to increase significantly as stringent effluent
nitrogen controls come into force. However, if the biological nutrient removal process is not
adopted and excess ammonia continues to pollute the waterways, there would be less N20
emission to the atmosphere and thus lower global warming potential. But another environment
impact to receiving water would inevitably arise, i.e. eutrophication, which would result in
excessive plant growth and depletion of oxygen in the water. This impact is of greater concern
for wastewater treatment plants whose effluents are discharged directly into small rivers or lakes
than those into the oceans. This trade-off between the global warming potential and the
eutrophication potential produces a challenge: how to reduce greenhouse gas emissions and at
the same time minimize the ecological effects caused by eutrophication.
2.2 Life Cycle Assessment (LCA)
2.2.1 Concept of LCA
Life Cycle Assessment (LCA) is a tool that is used to evaluate the potential environmental
impacts of a product, a process or a service. LCA is also the acronym for 'Life Cycle Analysis'
or 'Cradle-to-grave Analysis' (Crawford, 2011). As the name 'cradle-to-grave' suggests, LCA
involves the assessment of the entire life cycle of the product, from the preparation of raw
17
materials, the manufacture of the product, and the disposal of waste. LCA provides both a
holistic picture of a product's environment impacts, and comparisons between stages of product
life.
LCA application on WWTP
As a technical approach, LCA has been applied to WWTP since the late 90s. The links between
the environmental impacts and treatment process are the relevant inputs and outputs of the
product system (Crawford, 2011). The inputs normally include raw materials and energy.
However, outputs may vary in a broad range, including products, emissions to air, emissions to
water, solid wastes and other byproducts. As for the case of wastewater treatment plants, the
major inputs would be wastewater from sewage collection systems, electricity used for pumping
and mixing, and other chemicals added. In contrast, outputs include treated effluent to receiving
water, sludge and various gas emissions.
There are several different ways to assess the environmental impact of wastewater treatment
plants (WWTPs) under the concept of LCA. According to Emmerson et al. (1995), the life cycle
of WWTPs generally involves the construction of phase of WWTPs, production of wastewater
phase (or use phase) and the final demolition phase. They also pointed out that both the
construction phase and the demolition phase have only trivial impacts on the environment within
the life cycle of the plant. Later researches have placed more focus on the operational phase.
Tillman et al. (1998) have studied alternatives for WWTPs in Sweden using LCA approach. And
Lassaux et al. (2007) conducted case studies on the anthropogenic water cycle ('from the
pumping station to the wastewater treatment plant'). Other analysis on this increasingly popular
topic also includes the comparison of environmental impacts between different WWTPs
(Hispido et al., 2008), the comparison between different LCA methods for WWTPs, and the
assessment of WWTPs with seasonal variations (Hospido, 2004).
As mentioned in Section 2.1, both direct emissions and indirect emissions are counted as
anthropogenic greenhouse gas emissions. Therefore, in the LCA application to WWTPs, these
two emission sources should be both considered.
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2.2.2 The LCA Framework
A life cycle assessment is a complex process that involves several different stages. The
International Organization for Standardization (ISO) has standardized a framework for LCA.
According to the most updated ISO 14040:2006, LCA contains the following phases:
e goal and Scope definition
e inventory analysis
e impact assessment
e interpretation
The relationship between the different phases is shown in Figure 2.4. Goal and scope definition,
inventory analysis and impact assessment are performed in sequence, while interpretation occurs
through processes.
Goal and Scope Definition]
I I
Inventory Analysis
I I
Interpretation
Impact Assessment
Figure 2.4 Four Phases of LCA (IS014040:2006)
2.2.3 Goal and Scope Definition
Goal and Scope are stated in the first stage of LCA. The goal statement of an LCA application
defines the purpose of the study. It includes parts or all of the following elements: reasons for the
19
study, type of approach, targeted audience and use of final results. The scope definition normally
explains which stage of the product life cycle and what boundaries are considered. ISO
14040:2006 have listed twelve items for scope definition. Some of them include:
e the product system to be studied
" the functions of the product/system
e functional unit
e impact category selected and methodology of impact assessment and interpretation to be
used
e initial data requirement and quality
" assumptions
e limitations
* types of critical review, if any
Scope definition is an important step that defines the breadth, depth and details of the study.
Functional Unit
The definition of functional unit is the first key step in goal definition. A product system
normally has several functions that represent different fates of raw materials. The functional unit
defines both the type and quantification of the selected product function. It is used as a reference
unit and enables the quantitative analyses between inputs and outputs. The concept of functional
unit becomes particularly critical when the performances of different product systems are studied.
The same functional units allow meaningful comparisons on a common basis. For example, a
functional unit could be a ton of concrete or a vehicle seating five passengers.
In wastewater treatment literature, functional units are chosen based on different purposes of
study. According to Suh and Roisseacux (2001), it is better to adopt flow rate (volume of
wastewater treated within a certain period of time) as a functional unit, because it is clear and
easy to establish inventory. Hospido et al. (2008) chose person equivalent as a functional unit for
the comparison between different plants. Lassaux el al. (2007) used one cubic meter of water at
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consumer tap. However, under certain circumstances, some functional units are interchangeable
through a scaling factor. For example, a WWTP has a capacity of treating 1 0,000m3/d. We can
set functional units either as 10 ,000m 3/d or 1 m3. And the final results will have a ten-thousand-
time difference.
Although a functional unit could be a very small volume or a flow rate in a short time period, it
should represent the long-term averaged performance of a WWTP. Details of data collection and
quality are discussed in Section 4.1 .1.
System boundaries
In general, a product system consists of several unit processes, and each unit process could have
one or more inputs and outputs. Therefore, the system boundary defines which unit processes to
include and hence, which inputs and outputs to include. The system boundary may also be
affected by the access to data, relative assumptions, project budget and other constraints.
According to ISO 14040:2006, some processes, inputs and outputs only have minor effects on the
final results, and hence they can be excluded from the system boundary.
By the definition from Sonnemann et al. (2004), LCA can be focused on either the life-cycle
time boundaries of WWTPs (i.e. construction phase, operational phase and demolition phase) or
the geographical boundaries of the anthropogenic water cycle.
Based on the discussion of time boundaries, Lundie el al. (2004) and Lassaux et al. (2006) have
demonstrated that the environmental impacts of the construction phase is much smaller than that
of the operational phase. The reasonable assumption for the demolition phase is that its
environmental impact is smaller than those of operational phases and construction phases.
From the geographical point of view, conventional municipal WWTPs often include primary
treatment, secondary treatment and sludge treatment. These basic processes should be included
in LCA, due to their important impacts on the environment. The availability of other treatment
processes, such as tertiary treatment, nutrient removal and disinfection differ from plant to plant.
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However, these plant-based processes should be carefully considered, due to their different
impacts on the final results.
2.2.4 Inventory Analysis
Life Cycle Inventory (LCI) Analysis, the second phase of an LCA, involves data collection and
processing and allocation of resources. Sonnenmann et al. (2004) summarized a four-step
methodology in inventory analysis. These steps are:
e data collection
" normalization
e allocation
e data evaluation
However, different literature may have slightly different methodologies. For example, the
ISO14040 standard prefers doing normalization in the life cycle impact assessment phase. And
the data evaluation step is not unique in LCIA. Instead, data should be evaluated throughout the
entire LCA.
Data collection
Once the system boundary is well defined, data can be collected according to the inputs and
outputs of each unit process. Figure 2.5 describes a generic overview of data collection regarding
system boundary. Similar approaches also apply to the individual unit process data collection. In
some analyses, data collection could involve intensive labor, time and money.
22
Emission to Air Discharge to water Disposal to soil
Raw material inputs
Im aIm Products
Energy inputs -
Ancillary inputs Process " I IIIIIIII===s Co-products
Physical Inputs
I I m- Wastes
System Boundary
Other environmental aspects
Figure 2.5 Generic Data Collection
Raw data needs to be further processed before the final life cycle inventory. Besides, the initial
data quality must be checked with the following requirements (Sonnemann, 2004):
* time-related coverage
e geographical coverage
" technology coverage
These requirements guarantee that the final LCA results are valid through a relative long time
scale, a wide range of geological locations and a variety of technology mixes.
For the LCA of WWTP, data is mainly gathered from the daily plant operation. The flow rate
varies between seasons and even years. An adequate time frame (e.g. 5years) is necessary to
eliminate seasonal and meteorological variances. Geographical coverage depends on the goal and
scope of study. For a single plant analysis, only local information should be used. Technology
coverage reflects the types of technology used, whether a single operation or a technology mix.
The wastewater treatment processes could have various treatment technologies for a single stage.
For example, sludge digested gas can be ignited, recycled or a mix of both.
Normalization
As discussed in the previous data collection section, raw data needs to be further processed
before allocation. This step is called normalization in some literatures. Based on the functional
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unit defined in the goal and scope phase, raw data needs to be normalized according to the
functional unit. For example, in WWTP, if flow rate is used as the functional unit, all other raw
data collected should be recalculated based on this flow rate.
Allocation
Allocation means the distribution of resources, wastes and emission for each single unit process
to relative environmental impacts. The functional unit is the key that connects inputs and outputs
and connects unit processes.
2.2.5 Impact Assessment
The main purpose of Impact Assessment (LCIA) is to translate the results from inventory
analysis to a more understandable and precise interpretation of the environmental impacts of a
product system. Despite the requirements for LCI, the three mandatory elements for impact
analysis are:
e selection and definition of impact categories
e classification
* characterization
Selection and Definition of Impact Categories
The selection and definition of impact categories are closely related to the goal of the LCA study.
Different impact categories may include global warming, eutrophication, human toxicity, and
ozone depletion. The results from inventory analysis can then be assigned to the respective
impact categories.
Classification
Continued from the impact categories selection step, this step is to assign the LCI results into
different environmental impacts. However, it becomes confusing when two or more flows have
the same impacts. A characterization factor is defined for each impact category. For example,
carbon dioxide (C0 2), methane (CH 4) and nitrous oxide (N20) all have impacts on global
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warming, but their relative contributions to global warming are different. Therefore, global
warming potential (GWP) is used as the characterization factor, with the unit of CO 2 equivalent
(C0 2-Eq). From the IPCC report, the GWP for CH4 is 21 C0 2-Eq. And similarly, the GWP for
N20 is 310 C0 2-Eq.
Characterization
Characterization refers to the calculation of category indicator results. The results from LCI are
calculated using the common factors defined in classification. This step can be achieved in
various ways, like using matrices. Computer software can also be used to assist calculation.
2.3 Cadagua and its WWTPs
2.3.1 Company Profile
Cadagua, S.A., the sponsor of this project and one of Ferrovial's subsidiaries, is a Spanish
company well recognized as a leading force in the field of engineering and construction of water
purification and treatment plants.
Founded in 1971 and with 40 years' experience, Cadagua has been very active in the
development of water treatment and desalination. It has successfully designed and built more
than 200 water treatment plants all over the world (drinking, wastewater plants, desalination
installations as well as industrial facilities), achieving a total treatment capacity of over
14,500,000 m3/d. Over 17,000,000 inhabitants benefit from the company's operation and
maintenance services. Figure 2.6 is a chart showing Cadagua's main service areas and installed
treatment capacity (Cadagua, 2011)
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Figure 2.6 Treatment Capacity of Cadagua (Cadagua company brochure 2011)
Research, Development and Innovation (R&D&i) Department in Cadagua aims at providing
better measure-made solutions for each of the installations, in order to improve global efficiency
and lower operation and maintenance costs. Recent projects include process study to minimize
sludge production, nutrients recovery and optimization of power consumption in treatment plants.
The project Assessment of the Carbon Footprint in Wastewater Treatment Plants and
Sustainability Analysis for Process Selection is also one of the ongoing projects, with
collaboration with our consulting group LDX Environmental at MIT.
Four WWTPs were visited by our team in January 2012: La Gavia and Boadilla near Madrid,
and Ribadesella and Villaperez near Oviedo, Spain. While all four WWTPs were visited data
was only collected, and potential measurements are only considered for the La Gavia and
Boadilla WWTPs.
Since all four WWTPs employed similar treatment processes, a comprehensive life cycle
assessment is carried out on both La Gavia and Boadilla WWTPs based on the data acquired
from Cadagua. The GaBi 6 software is used to assist the LCA.
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2.3.2 La Gavia Wastewater Treatment Plant
Inaugurated in June of 2005, La Gavia WWTP is located in the district of Villa de Vallecas, in
southeastern Madrid. The plant resides on the left bank of the Manzanares River and it treats
sewage from the La Gavia I and II sewer mains as well as the surplus that the La China plant
cannot handle. Figure 2.7 is a plane view of La Gavia Wastewater Treatment Plant, and Figure
2.8 depicts the treatment plant's service areas (encompassed by red line).
Figure 2.7 La Gavia Wastewater Treatment Plant Plan View
(http://www.acciona.com.au/press/photoGallery/index.php/Water/Waste%20Water%2OTreatnent%20Plants/)
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Figure 2.8 La Gavia WWTP Service Areas
La Gavia WWTP treats waste water from about a million people (residential and industrial) and
has a designed capacity of 2m3/sec average flow. Using advanced biological treatment processes
incorporated with nutrient removal, La Gavia WWTP is able to eliminate 97% of organic matter
and suspended solids and about 85% of nitrogen and phosphorous from the water (Table 2.1),
thus meeting the strictest sewage treatment standards. The plant is also in line with the National
Sewerage and Wastewater Treatment Plan (1995-2005), which was enforced by the Ministry of
the Environment in Spain to improve the quality of water in the Manzanares River.
Table 2.1 Average Removal Efficiency at the La Gavia WWTP (provided by plant operator)
Influent Effluent Removal Rate
mg/ mg/l %
BOD 350 12 97
SS 340 12 96
TN 62 10 84
TP 8 1 87
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In addition, the plant is designed to allocate approximately 10% of the treated water to watering
green areas using a tertiary treatment process. This is part of the Madrid Water Re-Use Plan, a
large-scale strategy to use recycled water for park irrigation and street cleaning services, to the
benefit of around three million inhabitants.
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Figure 2.9 Schematic Diagram of Treatment Processes at the La Gavia WWTP
Figure 2.9 shows the simplified schematic of each treatment process employed in the La Gavia
WWTP. Basically, the plant consists of two lines, treating wastewater and residual sludge
separately (the figure above shows mostly the water line). There are typically four stages
associated with wastewater treatment processes: pretreatment, primary, secondary and tertiary
treatment respectively. In case of high flow rate, certain amounts of wastewater are bypassed
after the primary treatment. Some of the functions and design parameters of each stage will be
discussed in details as follows.
1) Pretreatment
At the entrance of the plant, wastewater is loaded with a large volume of solids that must be
removed so that they won't obstruct the pumps and machinery used in further treatment. This
stage is called pretreatment, which can be divided into several parts:
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Coarse/wide screens (see Figure 2.10 left) separate large solids and consist of a deep tank,
located at the inlet to the treatment plant, where the walls are angled to facilitate the descent of
the solids and the sands decanted to a specific area. This treatment typically removes material
larger than about 10 or 15 cm.
Fine screens (see Figure 2.10 right) are placed after wide screens. Water passes through a gate
that prevents materials (normally of a size greater than 6 cm) from passing by. The bars must be
purged continuously, or they will become blocked. This is achieved by means of automatic
movable elements that are driven by chains or curved grids with rotating combs.
Figure 2.10 Coarse screen (left) and Fine screen (right) (Photos credit to Bo Dong)
Aerated grit chamber (Figure 2.11) is where grit is removed by aerating and stirring the water
with a blower which causes the grit to settle down to the bottom of the chamber while keeping
lighter organic matters in suspension to be processed further downstream. The lightest grease on
the water surface is then skimmed out with combs.
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Figure 2.11 Aerated Grit Chamber (Photo credit to Bo Dong)
Most waste generated in the pretreatment (sand, grease, large solids) are compacted and
collected in containers. Finally, they are sent to sludge treatment or directly go to landfills where
they can be reutilized as fertilizer.
2) Primary Treatment
Primary treatment, usually referred to as primary settling tanks or primary clarifiers, is designed
to remove organic and inorganic solids (which could not be removed in the previous treatment
due to their small size) by the physical process of sedimentation. There are 6 circular primary
tanks in La Gavia WWTP, which allow water to stand for 1.43 hours. Approximately 40 to 60
percent of the suspended solids are removed from the wastewater. The solids that remain in
suspension as well as dissolved solids will usually be biologically treated in subsequent
processes. And the debris will settle to the bottom of the tank to form primary sludge.
3) Secondary Treatment
Secondary treatment in the La Gavia WWTP is an advanced biological nutrient removal reactor
(BNR), which contains four zones connected in series (preanoxic-anaerobic-anoxic-aerobic).
Each zone plays a different role in the removal of nutrient. There are totally 6 parallel reactors,
with a total volume of 100,800 m3, and the total retention time is 14 hours.
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The preanoxic zone is designed for denitrification and enhanced growth of phosphorus-
accumulating microorganisms. Some of the activated sludge from the secondary clarifier is
pumped back to this zone (external recycle). In the absence of dissolved oxygen, bacteria utilize
BOD in the influent, reducing the nitrates to gaseous nitrogen, thus alleviating the nitrate loading
from the return sludge in the subsequent anaerobic zone.
Wastewater treated by the preanoxic zone is then introduced into the anaerobic tank (shown in
Figure 2.12 left) in which a phosphorous release reaction by microorganisms occurs under
anaerobic conditions.
In the anoxic zone, wastewater is mixed with the nitrified mixed liquor recycled from the aerobic
zone at an internal recycling rate of 300% of the influent flow. This is the zone where the bulk
of denitrification occurs, and where N20 is most likely to be produced. (Sedlak, 1991)
In the aerobic zone (Figure 2.12 right), nitrification takes place where ammonia is reduced to
nitrate and nitrite, and luxury uptake of phosphorous also occurs. The aerobic zone is also
responsible for aiding the growth of bacteria that feeds on organic matter. In order to assimilate
organic matter, these microorganisms require a significant amount of oxygen, which is added
through 12,420 submerged membrane diffusers at the bottom of the aerobic tanks. The air added
to the water has been conpressed to improve the efficiency.
Figure 2.12 Secondary Biological Treatment process: Anaerobic Zone (left) and Aerobic Zone
(right) (Photos credit to Bo Dong)
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4) Tertiary Treatment
The design of the La Gavia WWTP initially contemplated the incorporation of a water reuse
system in response to the objectives set by the Madrid Water Re-Use Plan. So new tertiary
treatment was built which employed a system of filtration and ultraviolet (UV) disinfection
(shown in Figure 2.13). Designed for a flow of 21,600m3/day, to be doubled in a future
enlargement, this will ultimately make it possible to reutilize 25% of the purified water from the
WWTP currently in operation. At this time, about 10% of the purified water is treated for reuse.
(Hernanz, 2007)
Figure 2.13 Tertiary Treatment: Filtration Tanks and UV Disinfection (Photo credit to Bo Dong)
5) Sludge treatment
Both primary and secondary processes generate sludge, which consists of mostly water
(approximately 97%) and solids. Therefore, before being treated biologically, sludge is thickened
to reduce mass and volume by the partial removal of water. In the La Gavia WWTP, two types of
thickening are employed: gravitational thickener for primary sludge and centrifugal thickeners
for secondary sludge.
After passing through the thickener, the sludge is taken to separate anaerobic digesters.
Anaerobic digestion is a biological process that allows a significant degradation of organic
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matter through fermentation carried out by microorganism in the absence of air. Greenhouse
gases, particularly methane and carbon dioxide, are produced during this process.
The sludge must be contained within the digesters at a suitable temperature (about 35 C).
External sources of heat are required in cold seasons. In La Gavia, part of the digester gas is used
as feed for cogeneration, providing heat for digestion. The excess biogas is then stored in a
storage tank called a gasholder (Figure 2.14) and superfluous gas is burned and released into the
atmosphere.
Figure 2.14 Gasholder for Biogas Produced from Sludge Digesters (Photo credit to Bo Dong)
Up to this point in the treatment of sludge, the reduction of water is minimal, which means the
sludge still has a large volume. Dehydration is responsible for eliminating, in large part, the
water in the sludge. There are four centrifuges serving for this purpose in the La Gavia plant.
After this process, the outgoing sludge contains about 75% water, and is transported to another
thermal drying plant for further treatment.
One thing that should be mentioned about the sludge treatment at La Gavia plant is cogeneration,
which is the simultaneous production and utilization of electricity and heat. The plant is able to
produce electricity at a lower cost to supply other facilities in the plant, and at the same time
generate enough heat for sludge digestion at zero cost. There are 3 motor generators (Figure 2.15
shows two of them) in the plant, producing more than 7,000,000 kWh of electricity every year.
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Figure 2.15 Motor Generators (Photo credit to Bo Dong)
2.3.3 Boadilla Wastewater Treatment Plant
Figure 2.16 Boadilla WWTP - A20 process (Photo credit to Bo Dong)
Boadilla del Monte is a suburb of Madrid, Spain located to the west of Madrid. The wastewater
treatment plant at Boadilla was commissioned in 2002, with an average flow rate of 20,000
m3/day serving an equivalent population of about 70,000.
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Boadilla WWTP employs a similar treatment process as the La Gavia WWTP described in 2.3.2,
i.e. primary treatment followed by an advance secondary biological treatment with A20 process,
except that the A20 process at Boadilla WWTP only includes 3 stages: anaerobic, anoxic and
aerobic; there is no preanoxic tanks to begin with. In addition, the plant also has a tertiary
treatment for water reuse, which includes an initial stage by sand and anthracite filters followed
by ultrafiltration and subsequent treatment by UV disinfection. The treatment is completed with
a post-chlorination for distribution. For the sludge treatment process, Boadilla WWTP doesn't
employ a cogeneration approach to make use of the digester gas. The gas is well collected, stored
and burnt in the end.
Compared with conventional treatment process, the Boadilla WWTP produces treated effluents
with average BOD (biological oxygen demand) values typically less than 10 mg/l from domestic
sewage and removes at least 98% of the BOD from concentrated domestic wastewaters. The total
nitrogen is reduced to below 15 mg/l with a removal rate of about 75% and total phosphorus in
the effluent is less than 2 mg/l.
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3 LIFE CYCLE ASSESSMENT OF THE LA GAVIA AND BOADILLA
WWTPS
3.1 Methodology
3.1.1 Goal
In response to the request for carbon footprint analysis by Cadagua S.A., the purpose of the life
cycle assessment (LCA) is to study the potential environmental impacts of the wastewater
treatment plant (WWTP) in Spain, based on the data provided by Cadagua. Particularly, the
global warming potential (GWP) is the key impact of interest.
The target audiences of this study are Cadagua S.A., MIT department of Civil and
Environmental Engineering, LCA practitioners and scientists, and the general public. The experts
from Cadagua S.A. could use the results from this study to improve the treatment processes of
the WWTPs in their service area, regarding carbon footprints. Other experts can also apply the
model proposed in this study to other treatment plants with similar processes.
3.1.2 Scope
The scope definition normally explains which stage of the product life cycle and what boundaries
are to be considered.
3.1.3 La Gavia and Boadilla Wastewater Treatment Systems
The La Gavia and Boadilla WWTPs have collectively four major treatment processes: primary
treatment, secondary treatment, tertiary treatment and sludge treatment. The functions of each
treatment have been carefully discussed in Section 2.3.2.
3.1.4 Functional Unit
Flow rate is used as the functional unit for this study. It is defined as the volume of wastewater
per day (m3/d) at the inlet point of the WWTP. 74249 m3/d is the daily averaged flow rate of the
La Gavia WWTP, while 9346 m3/d is the daily averaged flow rate of the Boadilla WWTP. The
functional unit can also be converted to 1 cubic meter of wastewater treated by a scaling factor of
1/74249 or 1/9346.
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3.1.5 System Boundaries
Time boundary
The three phases of a WWTP have been defined as the construction phase, the operational (use)
phase and the demolition (end-of-life) phase. During the life cycle of a WWTP, the operational
phase has the dominant impact of all phases. In addition, access to the data for the construction
and demolition phases is limited. Therefore, within the scope of this project, only the operational
(use) phase will be included.
Spatial Boundary
Within the operational phase of a WWTP, all treatment processes should be included. ISO
14040:2006 also suggests that resources need not be expended on the quantification of processes
that will not cause significant change in the final outcome. Based on the operational data given
by Cadagua S.A., the operation of tertiary treatment is season-dependent. On a yearly average, it
handles only about 0.5 percent of the total wastewater inflow (400m3/day out of 75300m3/day).
However, tertiary treatment was still included in this study. By contrast, we are omitting
analysis of the bypass flow after the primary treatment process, which happened only twice in
the year 2011 (Oct 20thand Oct 23d) in La Gavia WWTP. The bypassed flow rate is less than 0.1
percent (71m 3/day out of 75000m 3/day).
Figure 3.1 shows the system boundary of the LCA study of the La Gavia WWTP. The four
processes are primary treatment, secondary treatment, tertiary treatment and sludge treatment
(incluing sludge thickener, anaerobic digestion, dewatering and thermal drying). For simplicity,
the pumping, pretreatment and primary treatment processes have been combined into one single
process-primary treatment. The blue arrows represent the water line, while the brown arrows
stand for the sludge line. The dash-line box is the system boundary. Figure 3.1 does not represent
all the environmental flows that go in or out of the system. Other inputs and outputs include
electricity, chemicals and gas emissions.
As shown in Figure 3.1, wastewater is introduced from the sewer system to primary treatment. It
is further treated in the biological secondary treatment process with nutrient (N and P) removal.
Finally, the secondary effluent is discharged into the receiving water, with portions being treated
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in tertiary treatment for irrigation purpose. The impact of the WWTP on the river has been
included.
For the sludge line, the primary and secondary sludge are combined after sludge thickener. The
sludge is further treated in the anaerobic digestion and dewatering following the thermal drying
process. The dried sludge, either sent to landfills or used as fertilizer, is not discussed in this
LCA report.
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Figure 3.1 System Boundary of the La Gavia WWTP
3.1.6 GaBi 6 Software
The GaBi 6 is the most updated version of the GaBi software, developed by PE International.
The GaBi 6 software system offers access to comprehensive and user-friendly functionality to
analyze product life cycles or process technologies. The software is able to deal with life cycle
assessment (LCA), product carbon footprints, life cycle costs and other social and environmental
applications. The software also allows access to the GaBi database, which contains thousands of
processes and hundreds of processes. (PE America, 2012)
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Within the GaBi 6 software, the treatment plant can be viewed as a huge 'plan', which includes
several processes. In addition, the inputs and outputs for each process are modeled as 'flows'.
Figure 3.2 is from GaBi 6. It shows the La Gavia WWTP model in the software interface. Each
rectanglar box represents a process. Besides the wastewater treatment processes mentioned
above, there are the electricity generation process, sludge transportation and the effluent
discharging process. In the figure, each arrow-head line represents a flow. The blue lines
represent water line. The brown line represent the sludge line. And the grey lines stand for either
electricity or disel.
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3.2 Results
3.2.1 Life Cycle Inventory
The life cycle inventory analysis includes data collection, normalization, allocation and data
evaluation. In this analysis, the normalization and allocation will be done by the GaBi 6 software.
3.2.2 Data Quality
With coordination from Cadagua S.A., the raw data are obtained from daily operation of the La
Gavia and Boadilla WWTPs in year 2011. The daily operational data are reported in the
following categories: water flow, sludge, gas, energy, incidents and hours of operation. The
detailed explanations for each category are shown Table 3.1 below:
Table 3.1 Reported Data Categories
Category Explanation
Flow rate for each treatment process (primary, secondary, tertiary...) is recordedWater Flow in volume (103 M3 )
Sludge is reported in volume (M3). It includes volumes for every sludge
production and treatment process
Gas is generated from the anaerobic digestion process. For La Gavia, gas is
collected and used in boilers, cogenerators and torch. For Boadilla, gas is burnt
in torch. The amount of gas is reported for every source and sink. The reported
unit is normal cubic meter (Nm 3)
Electricity consumptions for La Gavia come from two part, self-production and
Energy purchase, while all the electricity consumed in Boadilla is purchased from
power plant. The reported unit is kWh.
Incidents This category includes weather and operational incidents, such as rainfall andfoaming
Hours of The WWTP operates continuously in a year. The hours of operation records
operational hours of each engine (pump, boiler and etc.). This data is only
Operation available for La Gavia WWTP.
The raw data is further treated by taking a daily average. It represents the daily average quantity
for treating 74249 m3/d (La Gavia) and 9346 m3/d (Boadilla) of wastewater.
42
3.2.3 Mass Balance
In order to gain comprehensive understanding of the plants' operational conditions, mass
balances have been done on flow rate, total nitrogen and total phosphorus, for both La Gavia and
Boadilla WWTPs. The mass balance of carbon is not necessary and somehow complicated.
Hence, the mass balance of carbon is not performed. In this section, La Gavia WWTP is taken as
an example to demonstrate the mass balance calculations.
Flow rate
Figure 3.3 shows the overall mass balance of flow rate for La Gavia WWTP. For example, the
primary treatment process receives 74249m 3/day of wastewater from the sewer system. After the
treatment, 3191 m3/day of sludge and a total of 3634 kg waste (including screenings, grit and
grease) are generated, leaving 71058m3/day of wastewater in the primary effluent.
These flow rates are the daily average for 2011. The original flow information is recorded on a
daily basis (weekdays) from the end of December 2010 to the start of January of 2012. The
arithmetic average is taken to offset seasonal variances. The numbers are all in m3/day, except
for the dried sludge after dewatering, which is expressed as kg/day.
The average flow rate cannot be balanced perfectly, due to the discrepancies from measurements
and other unknown sources and sinks (rainfall, leakage and overflow). However, the errors are
less than two percent of total flow. In practice, the flow rates have been adjusted accordingly to
ensure arithmetic consistency.
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Figure 3.3 Mass Balance of Flow Rate
Nitrogen
Nitrogen is reported by the total nitrogen concentration and its relative content, namely, nitrate
(N0 3~), nitrite (NO2~), ammonia (NH4*), and total Kjedahl nitrogen (TKN). Figure 3.4 shows the
mass balance of total nitrogen. The unit is 'ton/day'. In general, total nitrogen can be calculated
by the following formula:
Mass flow rate (mass/d) = Flow rate (volume/d) x Concentration (mass/volume)
For example, the total influent nitrogen, 4.6 ton/d, is the product of 74249 m3/d and 62 mg/L.
The only exceptions are nitrous oxide (N20) and nitrogen gas (N2). Since there is no direct way
to calculate N 20, the EPA formula (USEPA, 2011) is used:
N20 = Population x EF x FIND-COM
where,
N20: N20 emissions from centralized wastewater treatment plants with nitrification
/denitrification (g/year)
Population: Population of the service area
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Emission factor (3.2 g N20/person-year)
FIND-COM: Factor for industrial and commercial co-discharged protein into the sewer
system (1.25)
The total population in La Gavia service area is estimated as 950,000. Therefore, the N2 0 direct
emission is roughly 0.0104 ton/d. We can also express it as N20-N, which is 0.0066 ton/d.
During secondary treatment, the nitrogen sources are from the primary effluent and the recycled
sludge. The sinks, on the other hand, include secondary effluent, secondary sludge, nitrous oxide
and the nitrogen gas (N2 ). Nitrogen gas can be then calculated by mass balance.
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Figure 3.4 Mass Balance of Nitrogen
Phosphorus
Compared with nitrogen, phosphorus is easier to analyze. Figure 3.5 shows the mass balance of
total phosphorus. Phosphorus is removed by the addition of ferric chloride (FeCl3). The total
phosphorus is reported by the amount of inorganic phosphorus (P0 4~) and organic phosphorus.
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Figure 3.5 Mass Balance of Phosphorus
Energy
The total energy consumption is reported by the total amount of electricity purchased per year
and the amount of electricity generated within the plant (through energy recovery from digester
gas). However, to study the contribution of the energy consumption for each process, we can
estimate the amount of electricity by the product of the machine size and the hours of operation.
Table 3.2 is the summary for electricity. The first column shows the theoretical electricity
consumption. These numbers represent the total electricity usage in plant operation, including
primary treatment, secondary treatment, and sludge treatment.
In order to calculate how much electricity is purchased for each process, a conversion factor is
defined. For example, the primary treatment process used 8719 kWh electricity in total, which is
25.9 % (8719/33650) of total electricity usage. Therefore, the purchased electricity for the
primary treatment process is: 25040 kWh x 25.9% = 6488kWh.
In fact, besides the three items listed in Table 3.2, the La Gavia WWTP may also include other
electricity consumption sources, such as electricity used in tertiary treatment process and office
utilities. However, the electricity consumptions from these parts are only a very small portion of
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the entire electricity usage. Hence, in this analysis, this amount of electricity is not calculated
separately, but incorporated into the total electricity purchased.
Table 3.2 Electricity Summary
Theoretical Total Weighted
electricity Electricity Conversion factor electricity
consumption purchased purchased
(kWh) (kWh) (kWh)
Primary 8719 (8719/33650)* 25040 6488
Secondary 21099 - (21099/33650)* 25040 15700
Sludge 3832 (3832/33650)* 25040 2852
Total 33650 25040 (33650/33650)* 25040 25040
Carbon
The direct emissions of carbon related gases, such as CO2 and CH4, have been included in the
LCA model, using various approximations. Figure 3.6 shows the direct emissions of CO 2 and
CH4 from the La Gavia WWTP. It is not necessary to perform the mass balance of carbon.
Besides, the mass balance of carbon also requires additional data, such as the chemical
composition of wastewater in the Cadagua service area and the amount of direct CO 2 emission.
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Figure 3.6 Direct Emissions of CO 2 and CH4
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The direct emission of CO 2 includes aerobic degradation from the primary and secondary
treatment processes, as well as in the downstream receiving water. According to USEPA (2011),
the biogenic CO 2 from waste management system would not affect the timing and location of the
CO 2 emission, because these carbon sources would have been returned to the atmosphere as CO 2
due to natural decay. These direct emissions of CO2 would not change carbon in the short carbon
cycle, which is quite different from the CO 2 emission from fossil fuel combustion. Previous
research (e.g., Tillman et.al, 1998) has also adopted this framework, so by convention biogenic
CO2 emission is not considered.
Methane gas, generated in anaerobic digestion of sludge, is another carbon related direct
emission, other than CO 2. Cadugua S.A. reports on the total amount of digester gas in Nm3 . La
Gavia WWTP has good management of methane, which is used in cogeneration. However, there
is still emission of CH 4 from incomplete combustion. USEPA (2011) has given
recommendations on the quantification of the CH 4 direct emissions. The EPA formula is shown
below:
CH4 = methane production rate x (1 - DE) x density of methane
where,
CH 4: CH 4 emissions from anaerobic sludge treatment process (g/day)
Methane production rate: Amount of methane produced in the anaerobic digestion process
(Nm3)
DE: Methane destruction efficiency (0.99 for enclosed flares)
Density of methane: 662 g/m"
The calculation is based on the total amount of methane production and the combustion
destruction rate of 99%, recommended by EPA. From the formula, it is clear that CH 4 is based
on (1 - DE), with DE = 0.99. Hence, the amount of CH4 is quite sensitive the DE value. For
example, if DE is changed from 99% to 98%, then (1 - DE) would change from 1% to 2%.
Therefore, the amount of CH 4 would also double.
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3.2.4 Life Cycle Inventory of the two WWTPs
In order to conduct LCA using GaBi 6, it is necessary to analyze the inputs and outputs for each
individual process. The inputs and outputs data are mainly based on the mass balance results and
estimation using empirical formulas. Table 3.3 below is the complete list of inputs and outputs
for the La Gavia and Boadilla WWTPs.
Table 3.3 List of Inputs and Outputs for the La Gavia WWTP
Primary Treatment
Inputs
Waste water [primary inflow] 74249 m3
Electricity [Electric power] 6488 kWh
Outputs
Sludge [primary] [Waste for recovery] 3191 m3
Waste water [primary outflow] 71058 m3
Waste 3634 kg
Secondary Treatment
Inputs
Waste water [primary outflow] 76991 m3
Electricity [Electric power] 15700 kWh
Outputs
Sludge [secondary] [Waste for recovery] 2800 m3
Waste water [secondary effluent] 74191 m3
Nitrous oxide [Inorganic emissions to air] 10.4 kg
Effluent Discharge
Inputs
Waste water [secondary effluent] 73791 m3
Outputs
Waste water [Waste for disposal] 73791 m3
49
Primary Sludge Thickener
Inputs
Primary sludge 3191 m3
Outputs
Thickened sludge [primary] 291.5 m3
Waste water [recycled] 2899.5 m3
Secondary Sludge Thickener
Inputs
Secondary sludge 2800 m3
Polymer 197 kg
Outputs
Thickened sludge [secondary] 258.5 m3
Waste water [recycled] 2541.5 m3
Anaerobic Digestion
Inputs
Thickened sludge 550 m3
Outputs
Digested sludge 550 m3
Methane [Organic emissions to air] 37.1 kg
Sludge Dewatering
Inputs
Sludge for treatment 550 m3
Electricity [Electric power] 2852 kWh
Outputs
Sludge for drying 58000 kg
Transportation for sludge
Inputs
Diesel [Refinery products] 7.11 kg
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Sludge for drying
Outputs
Sludge for drying
58000 kg
58000 kg
Table 3.4 List of Inputs and Outputs for the Boadilla WWTP
Primary Treatment
Inputs
Waste water [primary inflow]
Electricity [Electric power]
9346
695
m3
kWh
Outputs
Sludge [primary] [Waste for recovery] 352 m3
Waste water [primary outflow] 8994 m3
Waste 981 kg
Secondary Treatment
Inputs
Waste water [primary outflow] 9609 m3
Electricity [Electric power] 2085 kWh
Outputs
Sludge [secondary] [Waste for recovery] 270 m3
Waste water [secondary effluent] 9339 m3
Nitrous oxide [Inorganic emissions to air] 0.768 kg
Effluent Discharge
Inputs
Waste water [secondary effluent] 7231 m3
Outputs
Waste water [Waste for disposal] 7231 m3
Primary Sludge Thickener
Inputs
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Primary sludge 352 m3
Outputs
Thickened sludge [primary] 20 m3
Waste water [recycled] 332 m3
Secondary Sludge Thickener
Inputs
Secondary sludge 270 m3
Polymer 26 kg
Outputs
Thickened sludge [secondary] 64 m3
Waste water [recycled] 206 m3
Anaerobic Digestion
Inputs
Thickened sludge 84 m3
Outputs
Digested sludge 84 m3
Methane [Organic emissions to air] 2.25 kg
Sludge Dewatering
Inputs
Sludge for treatment 84 m3
Electricity [Electric power] 174 kWh
Outputs
Sludge for drying 6550 kg
Transportation for sludge
Inputs
Diesel [Refinery products] 11.2 kg
Sludge for drying 6550 kg
Outputs
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3.2.5 GaBi 6 Modeling
As discussed in Section 3.1.6, the La Gavia WWTP has been modeled as a huge 'plan'. Similarly,
each treatment process is modeled as a 'process' and inputs and outputs are treated as 'flows'.
Figure 3.7 shows how primary treatment is modeled in GaBi 6 interface.
The process interface is divided into four main sections: free parameters, fixed parameters,
inputs and outputs. It is easy to translate inputs and output data from the LCI results from Section
3.2.4 to GaBi flows. For example, the inputs for primary treatment are raw wastewater and
electricity, while the outputs are primary effluent, primary sludge and other wastes. One column
is named 'tracked flow'. It is used to determine the fate of each flow. 'X' means the flow is
tracked, which either comes from a previous process or goes to the next process. '*' means the
flow is a waste flow. And a space (' ')means an elementary flow, such as carbon dioxide, water,
and etc.
The free parameters, which are allowed to change for each instance, are used to describe both the
quality and quantity of flows. For example, wastewater could contain biochemical oxygen
demand (BOD) and total nitrogen. The information is recorded in the parameters, which are
carried along the whole plan. The fixed parameters are also used to describe flows, but they are
not allowed to change for each instance.
Since the Boadilla WWTP has a similar treatment system as the La Gavia WWTP, the LCA
model for it is basically the same as that of La Gavia WWTP except that the inputs and outputs
are different, as shown is Table 3.4. Figure 3.8 is a screen capture of the model of Boadilla
WWTP.
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3.2.6 Selected Impact Categories
Within the scope of this LCA, global warming potential (GWP) and eutrophication potential
(EP) are the two impact categories of interest. Although the GaBi 6 also provides the database
for other impact categories, such as ozone depletion and natural source depletion, they are
available only for certain processes and are of less concern. Hence, these impact categories are
not included in the final discussions.
3.2.7 GaBi 6 Results for La Gavia WWTP
Table 3.5 shows the LCIA results for La Gavia from GaBi 6. The environmental impact is
reported by the impact of each process and the total impact. The results are based on the
functional unit of 74249 m3/day of wastewater treated. Hence, another way to interpret these
numbers is to treat them as the daily global warming impact from the La Gavia WWTP.
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Table 3.5 LCIA Results for La Gavia WWTP from GaBi 6
CML2001 - Nov. 2010 Global CML2001 - Nov. 2010
Warming Potential (GWP 100 Eutrophication Potential
years) kg phosphate - Eq
kg CO2 - Eq
Total 18000 7.87
Anaerobic Digestion 928 0
Electricity 11169 2.95
Transportation 152 0.152
Primary Treatment 0.00 0
Secondary Treatment 3100 2.81
Chemical Production 2570 0
Waste 54.8 0.0424
Receiving Water 1800 1.84
In order to understand how much each process is contributed to the environmental impacts,
the following bar charts have been made, as shown in Figure 3.8.
Figure 3.8 Global Warming Potential of the La Gavia WWTP
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Figure 3.9 Eutrophication Potential of the La Gavia WWTP
3.2.8 GaBi 6 Results for Boadilla WWTP
Table 3.6 shows the LCIA results for Boadilla WWTP from GaBi 6. Figure 3.9 is the bar
charts of the global warming potential of the Boadilla WWTP. Similarly, global warming
potential is reported by process. The results are based on the functional unit of 9346 m3/day of
wastewater treated at the plant.
Table 3.6 LCIA Results for Boadilla WWTP from GaBi 6
CML2001 - Nov. 2010 Global CML2001 - Nov. 2010
Warming Potential (GWP 100 years) Eutrophication Potential
kg CO2 - Eq kg phosphate - Eq
Total 2090 0.998
Anaerobic Digestion 56.2 0
Electricity 1610 0.411
Transportation 51 0.0559
Primary Treatment 0.00 0
Secondary Treatment 229 0.207
Chemical Production 128.6 0
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3.3 Discussion
In this LCA study, CML (Institute of Environmental Sciences) methodology (Leiden
University, Netherlands) is used for standardization. Other protocols are also available for
different places of interest, and the final results could change if different standards are adopted.
However, in general, the final results should be very similar.
As discussed previously, green house gases emissions from the WWTP processes can be
divided into two groups: direct emissions from biological treatment processes and indirect
emissions from energy consumption, transportation, waste and sludge disposal, and chemical
consumptions.
For indirect emissions, the major source is electricity consumption, which produces indirect
CO 2 emission. In Figure 3.8 and 3.9, it is clear that in both plants more than 50% of the total
greenhouse gas is from electricity consumption. This emission is caused by the indirect
emissions of CO2 from the fossil fuel combustion in power plants. Road transport for wastes
and sludge are included in the model. The emissions from transportation consist of two parts:
the CO 2 emission from the truck and other emissions from oil refinery. The major amount of
wastes consists of sands, greases and screenings, and they are all transported to landfill 10.1
km away from the plant. All other wastes are insignificant in amount so are excluded from our
analysis. Transport for sludge to thermal drying is included, while transport for sludge to
composting is not because the amount of composting sludge is insignificant and the
composting location is unknown. Transport for chemical products is also included. Landfill
for wastes is considered in the model as the end-of-life for wastes, but the final disposal for
dried sludge after thermal drying is unknown and thus excluded. Chemical additions are
considered as flow input in associated processes, i.e. ferric chloride in secondary treatment,
and polymer in secondary thickener and sludge dewatering. The emissions of these chemicals
are from the energy needed to manufacture the materials.
For direct emissions, only N20 emissions from secondary treatment and CH4 fugitive
emissions from anaerobic digestion are included in the GaBi model. Direct CO2 emissions
from all processes are excluded from our analysis because of their biogenic origin. Based on
the GaBi results of the two WWTP, secondary treatment is the second largest source of
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emissions, which contributes about 17% and 11% of the total emission at La Gavia WWTP
and Boadilla WWTP, but it should be emphasized that the emissions from secondary
treatment, mainly N2 0 emission, are estimated according to empirical formula which are only
approximate.
Indeed, the emission of N20 has huge variations and it is plant specific. International Panel on
Climate Change (IPCC) and other researchers (Kampschreur et. al, 2009) have proposed
different ranges on N2 0 emission factor based on total nitrogen loading. The nitrous oxide
emission for this LCA used the IPCC formula, which is based on geographical information
and regional protein consumption. The real value could vary on a factor of ten. Therefore, for
a more precise analysis, further studies on N2 0 and direct measurements are necessary. That's
why a site-specific N20 measurement campaign was proposed. More discussions on the N20
direct emissions from the secondary treatment process and the measurement activity in a
specific WWTP in Spain can be found in the next chapter.
Similar to the quantification of N20, CH 4 emission from the anaerobic digestion is also based
on an empirical formula, which is derived from methane destruction rate. The results have
shown that this amount of methane counted for five percent of total greenhouse gas emissions.
The results could be improved if the daily analysis of gas from the cogenerator is available.
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4 N2 0 EMISSION FROM BIOLOGICAL NITROGEN REMOVAL
PROCESS
4.1 Introduction
Nitrous oxide (N2 0), also known as laughing gas, is one of the three most significant GHGs
but it is often neglected because of its relatively rare concentrations in the atmosphere. The
concern for N2 0 emissions has increased greatly since N20 was recently identified as the most
important threat to the ozone layer of the 21st century (Ravishankara et al., 2009), and it has a
global warming potential (GWP) that is over 300 times higher than CO2 (Solomon et al.,
2007).
Estimated N2 0 emissions from wastewater treatment plants indicate a quantitatively
significant contribution to the total anthropogenic N2 0 emissions. According to the U.S.
Environmental Protection Agency (EPA) Inventory of U.S. GHG Emissions and Sinks (1990-
2009), wastewater treatment accounted for 2% of U.S. N20 emissions in 2009, resulting in
emissions of 3.5Tg CO 2-Eq. Some suggest that the N20 emissions from WWTPs estimated by
EPA is too generic and somehow underestimated, and the emission factor may be even higher
than previously documented as more stringent effluent nitrogen controls come into force.
Many wastewater treatment facilities in European countries involve a process called biological
nitrogen removal (BNR), which is an advanced treatment designed to reduce the concentration
of total nitrogen and phosphorus in treated wastewater, making it less harmful to aquatic life
when discharged into natural water bodies. When focusing on the environmental impacts of
such wastewater treatment facilities, the estimation of N20 emissions depending on the N-
loading in influent of a plant with BNR can have a considerable impact on the life cycle
assessment (LCA) result in general and the carbon footprint in specific. This has been shown
through the LCA on the La Gavia and Boadilla WWTPs that has been carried out by us with
GaBi 6.
Therefore, identification and quantification of N20 generation from WWTPs is very important
and necessary in order to understand the contribution of N20 to global warming, and to
develop operational strategies to control and reduce the N20 emissions to the atmosphere.
62
Here we address the mechanism of N20 emission from WWTPs based on literature review,
and describe in detail the methodology proposed to measure N20 in a full-scale WWTP in
Spain. Field measurements were performed by the author with the assistance of Emma Montes
Parra of Cadagua during October, 2012, and a N2 0 emission factor for this plant was derived
for these data. Finally, mitigation options and operational recommendations will be provided
through a combination of literature and field adjustments.
4.2 Production and Emission of Nitrous Oxide (N 20) from WWTPs
Nitrogen is present in wastewater influent in many forms: organic nitrogen compounds like
protein (both soluble and particulate), inorganic nitrogen (mainly ammonia) and possibly a
small amount of nitrate and nitrite. In the secondary treatment process several reactions may
occur which will considerably change the form of the nitrogen species. Nitrous oxide
generations mainly involves two biological processes: nitrification and denitrification; Fig. 4.1
is a schematic of the relevant processes.
NO
NO2 NO N2 0
NO3
Fig. 4.1 Biological nitrogen conversions (Kampschreur et al., 2009) (1) Aerobic ammonia
oxidation, (2) aerobic nitrite oxidation, (3) nitrate reduction to nitrite, (4) nitrite reduction to
nitric oxide, (5) nitric oxide reduction to nitrous oxide, (6) nitrous oxide reduction to nitrogen
gas, (7) nitrogen fixation (not relevant in most WWTPs), (8) ammonium oxidation with nitrite
to nitrogen gas. Complete nitrification comprises step 1 and 2, complete denitrification step 3
through 6.
63
4.2.1 Nitrification
Nitrification typically takes place in an aeration tank in the wastewater treatment plant, where
ammonia or ammonium ions in the influent react with oxygen and convert into nitrites (NO2)
followed by the oxidation of these nitrites into nitrates (NO3-). Chemical equations of these
two reactions are expressed as equation 4.1 and 4.2 below. The ammonium ions are produced
in the wastewater from the hydrolysis of urea and degradation of organic nitrogen compounds.
This two-step process is performed by two different autotrophic nitrifying bacteria: ammonia-
oxidizing bacteria and nitrite-oxidizing bacteria, using ammonia or nitrite as their energy
source and CO2 as carbon source. N20 is usually produced by ammonia-oxidizing bacteria as
a by-product in the nitrification process (Colliver and Stephenson, 2000) (Figure 4.1 step 1).
Also ammonia-oxidizing bacteria can denitrify nitrite to N20, with ammonium or hydrogen as
the electron donor. This process is known as nitrifier denitrification (Bock et al., 1995).
2NH 4* + 302 -> 2NO 2 + 4H+ + 2H 20 4.1
2NO 2 + 02 -> 2NO3- 4.2
Although the ultimate population of nitrifying bacteria is dependent on the amount of
substrate (ammonium ions and nitrite ions) available, the growth and reproduction of the
population is strongly influenced by several operational factors including dissolved oxygen
(DO), alkalinity and pH, temperature, inhibition, toxicity, and mode of operations (Gerardi,
2002).
4.2.2 Denitrification
Denitrification is a process of nitrate reduction that ultimately produces nitrogen gas (N2)
through a series of intermediate nitrogen oxide products (4.3). Nitrates and nitrites are used as
the electron acceptors for degrading soluble BOD to obtain energy. Sometimes additional
carbonaceous substrate such as methanol is needed for this process.
NO3-+ NO)-- NO -+ N20 --* N2 4.3
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This process is usually performed by a group of heterotrophic bacteria under anoxic
conditions, i.e. deficient in dissolved oxygen (normally <1mg/I DO). Some microorganisms
can denitrify under both aerobic and anoxic conditions, a process known as aerobic
denitrification (Robertson et al., 1995). Like nitrifying bacteria, the bacteria performing
denitrification are also very sensitive to the surrounding environment. Any unfavorable
conditions might lead to incomplete denitrification and as a result N20 is produced and
released to the atmosphere.
In wastewater treatment it is generally agreed that anoxic heterotrophic denitrification is
dominant; aerobic denitrification and nitrifier denitrification only play a minor role. It is
unclear whether this assumption also holds for N20 emission, though both aerobic
denitrification and nitrifier denitrification seem to yield more N20 than heterotrophic
denitrification (Otte et al., 1996; Colliver and Stephenson, 2000).
4.2.3 N20 Emissions from WWTPs in Spain
For most conventional wastewater treatment plants that are initially designed to remove
organic matter in the wastewater, the activated sludge tank in the secondary treatment stage is
the main source of nitrous oxide emission because nitrification is involved under this oxygen-
rich condition. For advanced treatment plants, nitrification and denitrification processes can be
designed into one unit tank or several tanks. In either case, nitrogen in the influent can be
partially removed through various aerobic and anoxic zones of the tank. Typical unit
processes with nitrification and denitrification include Anaerobic-Anoxic-Aerobic (A20)
process, Carrousel Oxidation Ditch, University of Capetown (UCT) process, etc. (Figure 4.2).
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Figure 4.2 Schematics of different types of process with nitrification/denitrification (Wang et
al. 2009): (a) A20 process; (b) Carrousel Oxidation Ditch; (c) UCT process
Under current European Union (EU) regulations concerning wastewater discharge, treatment
plants must be equipped with appropriate removal technologies that meet the most stringent
water quality and nutrient standards in some sensitive zones at risk of eutrophication.
Effective nutrient removal from wastewaters prevents the overgrowth of algae in seas,
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estuaries, lakes and slow-flowing rivers, thereby avoiding consequent impacts on aquatic life.
Therefore, most of the wastewater treatment plants in Spain have an advanced process design
for nitrogen and phosphorus removal simultaneously. The A20 process is one of the most
commonly used advanced processes in Spain.
As discussed in Section 2.3.2, in both the La Gavia and Boadilla WWTPs with multi-stage
biological nutrient removal system, the anaerobic zone is designed for phosphorus removal
while the anoxic and aerobic zones are for denitrification and nitrification respectively. N20 is
not likely to be substantially generated from the anaerobic zone but can be produced from
both anoxic and aerobic zones. Anoxic zones are believed to be places where the bulk of the
N20 is produced; however, mass transfer of dissolved N20 from liquid phase to the
atmosphere occurs predominantly in aerated regions, i.e. aerobic zones, due to significantly
larger mass transfer coefficients (Sommer et al. 1998). Dissolved N20 in the effluent can lead
to emission from receiving rivers and estuaries as well.
4.3 Literature Review on the Estimation of Nitrous Oxide (N20) Emission
Although it has been recognized that N2 0 emissions should be properly quantified, there is
still a lack of internationally accepted guidance or reference for estimating the direct nitrous
oxide emission from WWTPs. Few quantitative data exists regarding the generation ofN20 in
processes that comprise modern WWTP, especially those with biological nutrient removal
process. This lack of data will limit both LCA and the evaluation of reduction strategies.
4.3.1 Various Literature Estimates
1) IPCC (Intergovernmental on Panel Climate Change) and EPA
IPCC originally reported a default N20 emission factor of 1% of the nitrogen in the effluent of
a WWTP, which is based on the assumption that in general no nitrogen is removed during
wastewater treatment (IPCC, 1997, p. 6.28). In 2006, IPCC modified the default N20 emission
factor from 1% to 0.5%, assuming that direct N2 0 emission from WWTPs is just a minor
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source of N20 emission and the largest N2 0 emission in wastewater occurs only by natural
nitrification and denitrification in rivers and estuaries. IPCC also suggests a lower factor for
emissions from centralized WWTPs (IPCC, 2006), which is 3.2 g N/person/year,
corresponding to about 0.035% N20 emission of the influent nitrogen loading of a WWTP.
This factor is a very small value since it is based on one field study in a small WWTP in
Durham, NH (Czepiel et al. 1995), which might not be representative. If such a default factor
is applied for N20 emission from advanced WWTPs, it can cause underestimation of N20
emission. In addition, a huge uncertainty range for N2 0 emission of 0-25% of the influent
nitrogen loading is mentioned in the IPCC reports.
U.S.EPA Inventory of Greenhouse Gas Emissions and Sinks (1990-2009) borrows the
emission factor reported by IPCC (IPCC, 2006), which is 3.2 g N/person/year, and develops a
series of equations to calculate annual N20 emissions from WWTPs with and without
nitrification/denitrification, as well as the emission from discharged waste water. In building
our LCA model for the La Gavia WWTP using GaBi 6, the emissions factor 3.2 g
N20/person/year is used in calculating N2 0 emissions associated with wastewater treatment
processes following the methodology and assumptions described in Section 8.2 of the EPA
Inventory (USEPA, 2011).
2) Lab-scale and full scale field studies
Many researchers have carried out experiments at lab-scale and full-scale WWTPs to measure
the amount of nitrous oxide emitted from WWTPs. Wicht and Beier (1995) took
measurements over 25 full-scale activated sludge WWTPs and reported N2 0 emission of 0-
14.6% (0.6% average) of total nitrogen load. Sommer et al. (1998) estimated a similarly
normalized emission factor of 0.02% based on a measurement campaign carried out in a
WWTP with 60,000 p.e. Kampschreur et al. (2008b) did both on-line monitoring and discrete
sampling over a nitrification/denitrification sludge wastewater treatment process and the
emission factors were 2.3% and 4% respectively of total nitrogen load. He also conducted lab-
scale measurement that simulated a continuous nitrifying Sequential Batch Reactors (SBR)
activated sludge wastewater treatment system, and found a 2.8% emission factor. Foley et al.
(2010) have studied N20 generation from a full-scale WWTP with biological nutrient removal
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process, and reported a range of 0.006-0.253 kg N20 per kgN denitrified (0.035-0.027 in
average). Ahn et al., (2010b) measured N20 emission across 12 WWTPs operated at different
temperatures, configurations, and influent characteristics, and N20 fractions varied from 0.01%
to 1.8% normalized to influent TKN load.
4.3.2 Problems and Challenges with N20 Estimation from WWTPs
Emission data obtained from field measurements show a huge variation in the fraction of
nitrogen that is emitted as N20, both in lab-scale (0-95% of the nitrogen load) and full-scale
(0-14.6% of the nitrogen load) studies (Kampschreur et al., 2009). IPCC also documents the
uncertainty in emission factor ranging from 0 to 25% of the nitrogen load. There is great
uncertainty in N20 production for different types of wastewater treatment configurations and
the amount of N2 0 released during nitrification and denitrification is highly dependent upon
the physical and chemical conditions in the environment (Davidson and Swank, 1986). There
are many factors that contribute to the variation of the N20 production. Influencing factors
include dissolved oxygen (DO), nitrite, carbon substrate availability, temperature, pH,
ammonia loading, and the presence of potentially inhibitory intermediates (i.e. nitrite and
nitric oxide). Some of the most important factors will be discussed as below.
1) Dissolved Oxygen (DO)
DO concentration is considered as an important parameter for N20 emission control during
nitrification (Zheng et al., 1994; Tallec et al., 2006a; Kampschreur et al., 2008a), with lower
DO concentrations leading to greater emissions. The nitrifier denitrification pathway is
thought to be responsible for the increased N20 emission due to oxygen limitation (Tallec et
al., 2006a; Kampschreur et al., 2008a). At oxygen concentrations below 1 mg/L N20
production can correspond to 10% of the nitrogen load (Goreau et al., 1980). However, too
high aeration rates in the nitrification tank may lead to increased oxygen introduction to the
denitrification tank, which may also cause enhanced N2 0 emissions (Van Cleemput, 1998).
The large impact of the DO concentration on N20 emission indicates that appropriate control
is necessary in the nitrification tank of a WWTP. There, off-gas N20 monitoring has been
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proposed for process control to provide efficient oxygen supply and detect process failure
(Burgess et al., 2002b; Sivret et al., 2008).
A short-term observation in a full-scale nitrification reactor showed that emissions increased
with the aeration rate, but N20 concentrations in the gas phase did not change when the
airflow decreased (Kampschreur et al., 2008b). This observation suggests that N20 production
might not be determined by DO only. Emissions could be minimized by simply reducing the
airflow rate (as long as oxygen limitation is prevented). Further study is needed for better
understanding of this phenomenon.
2) Nitrite
Nitrite is another trigger for N20 production during both nitrification and denitrification.
Increased nitrite concentrations during nitrification lead to increased nitrifier denitrification by
ammonia-oxidizing bacteria (Colliver and Stephenson, 2000). During denitrification, high
nitrite concentrations lead to a lower denitrification rate and accumulation of nitrite and nitrate
(Schulthess et al., 1995), which is considered to be the key for N20 formation (Zheng, H. and
Hanaki, K et al., 1994). The nitrite concentration is affected by numerous operational
parameters such as influent nitrite concentration and internal recirculation rate (refer to Figure
2.9 in Chapter 2). The sensitivity to nitrite is relatively large: artificial nitrite pulses of 10
mg/L led to a four to eight fold increased N2 0 emission during nitrification, depending on the
oxygen concentration (Tallec et al., 2006a). Also in full-scale WWTPs the influence of nitrite
on the N20 emission has been acknowledged (Samer et al., 1995).
3) Carbon substrate (COD/N)
Limited availability of biodegradable carbon substrate can also lead to increased N2 0
emission during denitrification (Schulthess and Gujer, 1996; Chung and Chung, 2000).
Hanaki et al. (1992) investigated the impact of various COD/N ratios (1.5, 2.5, 3.5 and 4.5)
and observed that up to 10% of the nitrogen load was emitted as N2 0 at the lowest COD/N
ratio studied. Itokawa et al. (2001) observed that during steady-state operation of an
intermittently aerated bioreactor treating high-strength wastewater, 20-30% of the nitrogen
load was emitted as N20 when the COD/N ratio was below 3.5. In a pure culture study of A.
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faecalis, even up to 32-64% was emitted as N20 when organic carbon became limiting
(Schalk-Otte et al., 2000). In this study N2 0 accumulated as soon as organic carbon became
limiting and bacteria started to consume internal storage compounds (PHB, poly-b-
hydroxybutyrate). In some cases the increased emission might not be a direct response of
denitrifying organisms on limiting COD availability but can be caused by nitrite accumulation
at limited COD availability (Hanaki et al., 1992). Addition of an external organic carbon
source, such as methanol, led to an appreciable reduction of the N20 emission from 4.5% to
0.2% of the nitrogen load (Park et al., 2000). The N2 0 accumulated during denitrification at
elevated nitrite concentrations and was stripped in the aerobic zone. As was mentioned before,
COD/N ratios higher than 10 could lead to enrichment of aerobically denitrifying
microorganisms (Van Niel et al., 1993), with possibly an associated increase of N20 emission.
4) pH
Hynes and Knowles (1984) demonstrated that N20 production by a kind of ammonia-
oxidizing bacteria called nitrosomonas europaea in a fully aerated culture was dependent on
both pH and the buffer that was used. N2 0 emission was maximum at a pH of 8.5 and
minimum at a pH of 6. Conversely, Thoern and Soerensson (1996) only observed N20
formation below a pH of 6.8 in a denitrification basin. Similar observations were made by
Hanaki et al. (1992), where N20 emission during denitrification increased when the pH
decreased from 8.5 to 6.5. In WWTPs the pH is generally between 7 and 8 and rather stable,
meaning that the pH effect is expected to play a minor role.
5) Other indirect influencing factors
Some factors that are connected in literature to N20 emission might not be directly related to
emission but could cause changes of parameters that lead to N20 production. Short sludge
retention time (SRT), toxic compounds (like increased sulfide concentration), low
temperatures, high salinity and increased ammonium concentrations have repeatedly been
related to increased N20 emissions (Schonharting et al., 1998; Colliver and Stephenson, 2000).
Alternatively, these process conditions may have resulted in nitrite accumulation that induces
N2 0 emission. A good example is a study by Osada et al. (1995) in which intermittent
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aeration could decrease the N2 0 emission from 35% to 1% of the nitrogen load, probably
because nitrite accumulation was prevented in this manner.
Another important parameter is oxygen limitation caused by high organic loading rates in
combination with limited aeration capacity, as well as mass transfer limitations in large sludge
flocs or dense granules (Kampschreur et al., 2009). Increased N2 0 emission due to salinity can
also be directly related to oxygen. Tsuneda et al. (2005) pointed out that the salinity-induced
increase of N2 0 emission in aerobic-anoxic experiments was mainly caused by increased
oxygen transfer from the aerobic to the anoxic zone at higher salt concentrations due to lower
nitrification activity. Additionally, influence of salt on enzyme activity, especially N20
reductase, can also lead to a direct influence on N2 0 emission. This is considered negligible
for communal WWTPs and even in industrial plants such rapid salt increases like applied by
Tsuneda et al. (2005) will rarely occur.
4.3.3 Existing Models for N20 Estimation
So far, different models have been established in the literature trying to describe the
mechanisms associated with GHG emissions from wastewater treatment plants. Generally,
these models can be categorized into three groups. The first group corresponds to empirical
models (e.g. IPCC, 2006; USEPA, 2011) that use a top-down approach based on population
and the associated consumption of organics or proteins that end up in wastewater, to create
inventories and calculations for the production of greenhouse gases. These kinds of
inventories and methodologies may be revised from time to time to make estimations match
practical scenarios and be more widely applied. However, the approach is more based on
national level or regional level rather than a facility-specific level.
The second group of models is the manual for unit process or bioreactor models of
conventional wastewater treatment, which dynamically describe the production of certain
greenhouse gases. Anaerobic Digestion Model 1 (ADM1) proposed by Batstone et al. (2002)
describes CH 4 and CO2 emissions under anaerobic conditions, and Activated Sludge Model
Nitrogen (ASMN) employs gaseous forms of nitrogen (NO and N20) as the models
components (Hiatt, W. C. and Grady, C. P. L, 2008). Regarding anoxic-aerobic processes
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there have been attempts to describe nitrification and denitrification to include the
intermediates NO 2, NO and N20 (Von Schulthess and Gujer, 1996; Hiatt and Grady, 2008a).
These models are more facility focused, but each is only applicable for one type of treatment
process.
Finally, the third group of models is based on laboratory-scale experiments and mathematical
kinetic equations. Wastewater samples are collected and the gas phase above the static
headspace of the samples is analyzed; gas chromatography with electron capture detection is
the analytical tool by which the nitrous oxide concentration is usually determined. The
methodological analysis can be carried out based on the N20 gas concentration obtained
together with other parameters like dissolved oxygen and N-loading. Many such studies have
been done to address the relationship between N20 emission and other influencing factors,
trying to build a facility-scale model based on operational parameters. For example, Debruyn
et al. (1994) applied the Lineweaver-Burk kinetic equation to deduce an emission coefficient
between N2 0 and the mass of suspended solid. However, this methodology also has
limitations when applied to full-scale WWTPs and is highly dependent on wastewater type.
Of course, estimation with field experimental data has the most accuracy. However, at this
point few field data were available, with the result that the emission factors used by the IPCC
were based on limited data. When field data are not available, models like the IPCC and EPA
calculators, which are simple and easy to apply, can provide a rough evaluation and a useful
shortcut. For more accurate quantification, systematic full-scale measurement strategy is
essential.
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4.4 N20 Measurement at Boadilla WWTP
4.4.1 Field Sampling Site
The treatment processes at Boadilla WWTP have been described in 2.3.3. Similar to the La
Gavia WWTP, Boadilla WWTP also employs advanced biological nutrient removal processes.
The reasons why this particular WWTP was selected as a plant for taking measurements are: i)
it is equipped with a laboratory for routine measurement of some parameters associated with
water quality including ammonia, nitrite, nitrate, etc., ii) it is located in a relatively convenient
and safe district in Madrid, and iii) it is moderate in size making it manageable for instrument
installations and sampling.
4.4.2 Methodology
Initially, we looked into several possible methodologies for both direct gas-phase N2 0
measurement and indirect water-phase N20 measurement. We decided to develop a
measurement strategy on both sides and proposed the measurements based on a protocol
written by Kartik Chandran from Department of Earth and Environmental Engineering,
Columbia University (Chandran, 2011). The protocol has been reviewed and endorsed by
USEPA since the fall, 2008, and was validated and implemented in several full-scale
measurement campaigns in North America. Professor Kartik Chandran conducted a series of
plant-wide measurements in biological wastewater treatment plants with different
configurations, continuously measuring real-time headspace N20 gas concentrations and
discretely measuring N20 concentrations in aqueous phase. By combining the measured data
with other routinely monitored parameters of wastewater and processes, he was able to
determine the emission factors of gaseous N20 normalized to daily influent nitrogen loading.
The developed protocol discusses in detail the methodology employed, including the sampling
design and procedures, data analysis, validation and normalization. It is a very comprehensive
guidance to follow. Basically, it involves direct measurements of three parameters: the
advective flow rate of headspace gas, N20 concentrations in the gas-phase and N2 0
concentration in the liquid-phase.
1) Advective flow rate of headspace gas
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This is expressed as Qemission measured by a surface emission isolation flux chamber (SEIFC);
details about the instruments used will be discussed in Section 4.4.3 below. Emitted gas from
the wastewater will be mixed and carried by a tracer gas (helium) at a certain flow rate (Qtracer).
Off-gas will be analyzed continuously or collected within a certain period of time. By
measuring the concentration of the tracer gas in the outlet of the chamber Ctracer_out, and
knowing the inlet helium tracer concentration Ctracer in , the flow rate of headspace gas can be
calculated using equations 4.4 and 4.5. The specific flux can then be determined by dividing
Qemission by the surface area A under the chamber.
Qtracer X Ctracer_in: tracer + Qemission) X Ctracerout 4-4
emission - Qtracer X (Ctracerin-Ctracer out) 4.5emissionCtracer-out
2) N20 concentrations in gas-phase
Headspace gas may consist of N2, N20, NO and other gases resulting from microorganism
metabolism. So measurement is needed to determine specifically the N20 concentration in the
headspace, CN20. The flux of N20 from water to air would thus be equal to this N2 0
concentration times the specific emission flux Qemission/A
3) N20 concentration in liquid-phase
Liquid-phase N2 0 measurements would be considered as a complement to gas phase N2 0
concentration. Based on the concentrations of aqueous N2 0, the water to air N2 0 flux could be
computed using mass exchange coefficient, and compared to the measured flux above
(Hemond and Durant, 1989). Therefore, aqueous N20 measurements could be conducted
adjacent to the flux chamber location, along with other liquid-phase wastewater measurements,
which are indicative of the performance of the treatment plant.
4.4.3 Materials
A complete measurement campaign on both water phase and gas phase requires four pieces of
equipment, which are described below. However, due to the limited budget from Cadagua and
the high cost of an N20 gas analyzer, only liquid-phase measurements could be carried out.
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Therefore, actual measurements taken at Boadilla WWTP will be discussed in the next section.
In this section, the models and properties of all equipment for comprehensive measurement
are introduced as follows.
1) Surface Emission Isolation Flux Chamber (SEIFC)
The SEIFC is currently one of the few devices accepted by the USEPA for measuring gaseous
fluxes (Tata et al., 2003). The standard procedure using SEIFC for measuring N20, NO, and
NO2 fluxes from the headspace of activated sludge tanks involves the EPA/600/8-86/008 and
the South Coast Air Quality Management District (SCAQMD) tracer methods. This user guide
was developed to measure those emissions that have a relatively high surface flux rate when
compared to diffusion (e.g. WWTPs). Commercially available replicas of the USEPA
recommended surface emission isolation flux chamber by St. Croix Sensory Inc. were used to
measure gaseous N fluxes from biological secondary reactors, as shown in Figure 4.3.
Figure 4.3 AC'SCENT* Emission Isolation Flux Hood by St. Croix Sensory, Inc
A cut-away diagram of the SEIFC is shown in Figure 4.4. The SEIFC consists of a floating
enclosed chamber from which headspace gas was collected either in a real-time or discrete
manner. The chamber has a cross surface area of 0.13 m2 and a volume of approximately 25
liters when floating on a liquid surface. The SEIFC must be equipped with mixing via sweep
gas circulation to ensure collection of representative gas-phase concentrations. The carrier or
tracer gas (Helium) is introduced to the chamber through the inlet port after being regulated by
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a flow meter. The outlet port is either connected to a real-time analyzer or an air-sampling
canister, for either continuous monitoring or discrete gas sample collection. A typical flux rate
(carrier gas flow rate) is 25 liters per minute (1pm) per square meter. Therefore, the flux rate
for the SEIFC is 3.25 pm (25x0.13 pm). A typical sampling rate is from I to 2 pm. When
the flux rate is greater than 3 pm, the pressure release port on the top of the flux hood will
release the excess air. In addition, there is also an extra fitting on top of the chamber for
adding a temperature probe, if necessary.
CUT AWAY TO SHOW
SWEEP AIR INLET LINE
AND THE OUTLET LINE
Figure 4.4 Cut-away diagram of the SEIFC and support equipment (EPA/600/8-86/008)
2) Field gas chromatograph with a thermal conductivity detector
Tracer (He) concentrations in the off-gas from the flux chamber are measured using a field gas
chromatograph equipped with a thermal conductivity detector (GC-TCD). This can also be
done either in real-time or discrete fashion.
3) Infra-red (IR) gas-filter correlation
Gas-phase N20 measurements are performed via infrared (IR) gas-filter correlation. Figure 4.5
is a commercial N2 0 analyzer Model 320E by Teledyne Advanced Pollution Instrumentation,
Inc., San Diego, CA.
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Figure 4.5 Teledyne API Model T320 Gas Filter Correlation N20 Analyzer
The Model T320 N2 0 analyzer measures nitrous oxide gas by comparing the infrared energy
absorbed by a sample to that absorbed by a reference gas according to the Beer-Lambert Law.
Through a special designed Gas Filter Correlation Wheel, IR light source with high-energy is
first passed through a N20 filled chamber and a chamber with no N2 0 present, and then
through the sample cell. The energy loss through the sample cell is compared with the
reference signal provided by the filter wheel to produce a signal proportional to concentration.
This design produces excellent zero and span stability and high signal to noise ratio, allowing
excellent performance over a wide concentration range. Particularly, there are selectable
channels for two ranges: 0-1 ppm and 0-1000ppm. The precision is within 0.5% of readings.
The model also supports a wide range of input and output options, and the measured results
can be communicated to the computer installed with special programmed software named
APIcom'm.
4) Aqueous Nitrous Oxide sensor
Aqueous phase N2 0 concentrations can be measured using a Clark-type microsensor produced
by Unisense* Company with an internal reference and a guard cathode (Figure 4.6 left). The
tip of the sensor is made of glass, but it is sturdy in its longitudinal axis and can be inserted in
wastewater and activated sludge. The sensor is also equipped with an oxygen front guard,
which prevents oxygen from interfering with the nitrous oxide measurements. For wastewater
work, normally a protection cap of stainless steel is recommended to protect the tip from
breaking in an environment where there is vigorous stirring or turbulence and occasional solid
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debris during measurement. The sensor has a fast response time, with high spatial resolution,
and low detection limits (0.1-0.5ptM in water).
In addition, the sensor must be coupled with a highly sensitive picoammeter to convert the
current resulting from cathodic reduction of N20 to an electric signal. This equipment is also
available from Unisense* and is called a Monometer (Figure 4.6 right), which is essentially an
automatic digital amplifier. The user interface consists of a keypad and a graphical OLED
display, allowing the user to view signals, adjust signal gain and offset, etc. without using the
computer. The Monometer can be used as a stand-alone instrument or signals can be
transferred digitally to a PC using an Unisense SensorTrace PC software.
This type of microsensor has been applied for many field N2 0 measurements by researchers.
Therefore, we finally decided to purchase it, along with the Monometer.
Figure 4.6 Unisense* microsensor(left) and Monometer (right)
4.4.4 Sample Collection
Initially, it was intended to conduct several sampling rounds (3-5 h duration each, morning
and afternoon on two consecutive days) and a continuous measurement overnight at one
selected location, in order to obtain the spatial and temporal variations. Due to the failure of
the microsensor, this was not possible during my short visit. As a result, only one sampling
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round was completed on October 24 th, 2012 during the time period of 12 pm to 7 pm. Weather
on that day was cloudy with drizzle in the late afternoon. Temperature of the wastewater was
around 20-21 'C. To be noticed, there was an electricity outage between midnight and 7 am in
the early morning on that day, during which aeration and recirculation were completely shut
down. The normal operational conditions might be affected by the power outage, resulting in
unrepresentative measurement results. Readers should be cautious when using the results from
this report.
Wastewater samples were collected in series at 12 locations of the secondary biological (A20)
tanks in the Boadilla WWTP, as shown in Figure 4.7. These specific locations selected are
representative of each demarcated anaerobic, anoxic or aerobic zone in the WWTP, and
locations where nitrification/dentrification could be inferred based on initial screening of
ammonia, nitrite and DO concentrations.
Aerobic Anoxic Anaerobic
Intamal raga flow 
0 ® 24m
influent
50m |8m- 8 - 8m
Figure 4.7 Schematic of the A20 tanks in Boadilla WWTP and 12 sampling locations
The electrochemical microsensor was multiple-point calibrated before the sampling round at
ambient temperature, using distilled water (zero point) and freshly prepared N2 0 solutions. At
each sampling location, about 500 mL wastewater was sampled in a beaker. The microsensor
was fully immersed in the wastewater and allowed to stabilize. The data were logged via the
Monometer to a laptop at 1 sec intervals over a 10-15 minute period. The microsensor was
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also zero point calibrated in the field after every measurement to provide a baseline signal and
correct for any drift. The signal data from these sampling periods at each location was then
averaged and shown in Table 4.1.
Table 4.1 Dissolved N20 concentrations Ci (gM) in wastewater at 12 locations
1 Anaerobic 64 0.14
2 Anaerobic 64 0.14
3 Anaerobic 64 0.32
4 Anoxic 64 0.40
5 Anoxic 64 0.10
6 Anoxic 64 0.09
7 Aerobic 132 0.20
8 Aerobic 132 0.23
9 Aerobic 132 0.40
10 Aerobic 132 0.19
11 Aerobic 132 0.50
12 Aerobic 132 0.02
Attempt for continuous measurement was also made at sampling location number 5 from 6:30
pm on that day, but the sensor failed to work properly after 1 hour's measurements. Figure 4.8
shows the set-up for continuous measurement. Around 300 valid data points were recorded,
and the averaged N 20 concentration of these data was about 0.3 pM.
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Figure 4.8 The set-up for continuous measurement (photo credit to Xin Xu)
4.4.5 Data Analysis
To visualize the variation of N20 concentrations at 12 sampling locations, a plot of N20
concentrations versus sampling points was made and shown in Figure 4.9. This plot suggests a
big fluctuation in N2 0 concentrations from point to point. The concentrations of dissolved
N 2 0 mainly rely on two variables: the N2 0 production rate and the N20 gas exchange rate.
The concentration of N2 0 in the various sampling locations varies considerably between large
values (indicating N2 0 production is great or N2 0 exchange to the air is low) and small values
(indicating N20 production is low or N2 0 exchange to the air is significant). This suggests
that the aerobic zones tend to "swing" in terms of their net N20 production potential, perhaps
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depending on the changes in environmental conditions like aeration rate. However, regardless
of the fluctuation, the averaged concentrations in three zones tend to be stable and close to
each other (anaerobic & anoxic: 0.2 yM; aerobic: 0.26 tM).
at each points Vs.
Anoxic
- - -
Average N20 conc. in each section
Aerobic
C3/{uM)
A Sectional Average C
3 4 S 6 7 8 9 10 11 12 13
internal return flow Sampling Points
combines here
Figure 4.9 N 20 concentrations at 12 sampling points and the averaged concentration in each section
To be noticed, there is a spike in N20 concentration at sampling location number 4, where the
internal return flow combines with the flow from anaerobic zone. This can be explained by the
mechanism that triggers N20 production, which is discussed in 4.3.2. The internal return flow
coming from the end of the aerobic zone has a high content of nitrite. High nitrite
concentration results in a lower denitrification rate and accumulation of nitrite, which is
considered to promote N20 formation (Zheng, H. and Hanaki, K et al., 1994).
4.4.5 N20 Mass Flux and Emission Factor
1) N20 mass flux
In order to compute total N20 mass flux from the wastewater to the air, the reactor was
divided into 12 zones according to the sampling location layout (i.e. 3 anaerobic zones; 3
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anoxic zones; and 6 aerated aerobic zones). The general formula of N20 gas flux from each
reactor zone is given in equation 4.6 below.
QI = kLx ([N 2 0 ]R, - [N 2 01s) 4.6
where
Qi= N20 mass flux from each reactor zone i
kLi = mass transfer coefficient for N 20 in the reactor zone i (m/s)
[N2 0]R= concentration of N20 in the reactor zone i (mg/m 3)
[N2 0]s = saturation concentration of N2 0 in water at atmospheric conditions
= 2.57 x 10- mg/L at 20'C (Weiss and Price, 1980)
N2 0 mass flux computed from the above equation can be used to estimate the mass transfer of
N2 0 emission by multiplying by the surface area of each zone in the A20 process. The total
mass transfer rate would be the sum ofN 20 mass from individual reactor zones, as calculated
by equation 4.7.
TrN20 = Zi VR, x kLai x ( [N 2 0] R, - [N 2 0]s)}
= Zi{ ARi x kL x ([N 2 0]Ri - [N 2 01s)) 4.7
where
TrN2 0 = total mass transfer of N20 from the reactor liquid to gas phase (mg/s)
VR,= volume of the reactor zone i (m3)
kLai= volumetric mass transfer coefficient for N20 in the reactor zone i (s-1) = kL, +H
H = the depth of the reactor = 5 meter
AR. = area of the reactor zone i (m3)
2) N 20 mass transfer coefficients
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The mass transfer coefficients for quiescent reactor zones (i.e. anaerobic zones, anoxic zones)
were estimated to be 3 to 4 day~' (Foley and Lant, 2009). In our calculation, 3.5 day-' was
applied.
kL= kLa * H = 3.5 d~ * 5m = 17.5 m/d = 0.0002 m/s
To determine the N20 mass transfer coefficient (kLa) for aerated reactor zones, Foley and Lant
(2009) did a series of lab-scale stripping experiments at different sparging flow rates. They
discovered that the mass transfer coefficient increased with superficial gas velocity, vg (m3.m~
2.s-1), in a power law relationship (see Figure 4.10), which is also similar to other empirical
mass transfer modeling approaches for aerated systems, such as bubble columns (Envirosim,
2007; Garcia-Ochoa and Gomez, 2009).
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Figure 4.10 N20 volumetric mass transfer coefficients (kLa) from lab-scale stripping experiments and
from field measurements (Foley and Lant, 2009)
To account for the depth of full-scale WWTP reactors, their lab-scale power law relationship
was modified by multiplying a correction factor. The resulting depth-corrected kLa correlation
is shown in equation 4.8 below.
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kba = NL x 34500 x g0 8 6  4.8
where
DR= depth of the field reactor (5 m)
DL = depth of the lab stripping column (0.815 m)
Vg superficial gas velocity of the field reactor (m .m-s
A typical vg value for WWTP aerobic zones is 1.2cm/s (Zhang, 2012). However, the Boadilla
WWTP reported a greater value of vg, which is 1.5cm/s. Applying this number to equation 4.8,
kLa was calculated for aerobic zone as 380 d-' (0.004s-'), and kL was 0.02 m/s, two order of
magnitude greater than that in the quiescent zones.
Another experimentally determined N20 volumetric mass transfer coefficient was estimated
by Yu et al. (2010), which was 8.2h 1 (sd= 0.8h-1, n=4). The corresponded mass transfer
coefficient kLwas 0.01 m/s.
In this analysis, the mass transfer coefficient determined by Foley and Lant was applied and
the mass transfer in each reactor zone was calculated as shown in Table 4.2. As a result, the
total mass transfer of N20 was 175.46 mg/s (=1 5.16 kg/day). There are two identical
wastewater lines like this, so the estimated total N2 0 emission from the two lines is about 30
kg/day.
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Table 4.2 Calculation of N2 0 mass transfers in divided reactor zones
Anaerobic 64 0.14 6.16 0.257 0.0002 0.08
2 Anaerobic 64 0.14 6.16 0.257 0.0002 0.08
3 Anaerobic 64 0.32 14.08 0.257 0.0002 0.18
4 Anoxic 64 0.40 17.60 0.257 0.0002 0.22
5 Anoxic 64 0.10 4.40 0.257 0.0002 0.05
6 Anoxic 64 0.09 3.96 0.257 0.0002 0.05
7 Aerobic 132 0.20 8.80 0.257 0.02 22.60
8 Aerobic 132 0.23 10.12 0.257 0.02 26.04
9 Aerobic 132 0.40 17.60 0.257 0.02 45.79
10 Aerobic 132 0.19 8.36 0.257 0.02 21.39
11 Aerobic 132 0.50 22.00 0.257 0.02 57.40
12 Aerobic 132 0.02 0.88 0.257 0.02 1.64
SUM 175.46
3) N2 0 emission factor
The N2 0 emission factor (mass/mass) for the Boadilla WWTP normalized to the daily influent
total nitrogen (TN) loading can be calculated following the equation 4.9:
TN 2 (kg N 20-N) ~ 10Emission Factor (EF) = Dail ift Nod-N) X 100%
=Daily influent TN load (kg-N) 4.9
Daily influent TN load provided by Cadagua was 650 kg N/day, which was computed by
multiplying the averaged influent flow rate and the influent TN concentrations. As a result,
N 20 emission factor at Boadilla WWTP can be calculated as 30 kg N20/day + 650 kg N/day
= 0.046 kg N20 / kg N, which means that approximately 4.6% of the total nitrogen in the
influent is emitted as N20 gas in the secondary process.
4.5 Discussion
From the above analysis, for Boadilla WWTP, averaged dissolved N20 concentration in
wastewater is about 10 mg/m3. N20 gas emission is estimated as 30 kg/day. Emission factor is
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4.6% kg N20/kg influent nitrogen. Table 4.3 lists some literature references with regard to
dissolved N 20 measurement in full scale BNR WWTPs. The results of the emission of N2 0
from different WWTPs exhibit a great variability, which could be understood from the fact
that the formation of N20 is very complex. However, the emission factor 4.6% drawn from
this study is in line with other literature references.
From Table 4.2, it is obvious that the N20 mass transfer coefficients for anaerobic and anoxic
zones is two orders of magnitude smaller than that of the aerobic zone, which indicates that
mass transfer emissions of N20 to atmosphere occur predominantly in the aerated zones. The
kL value for anaerobic and anoxic zone is so small (about 3 - 4 d-1) that results are not
sensitive to this value.
In addition, the above estimation ofN 20 emission is made based on the assumption that the
mass transfer is uniform in each reactor zone, and that there is no temporal variation in N2 0
emissions, i.e. the mass transfer of N20 is about 175 mg/s anytime throughout a day. However,
this might not be true. Conceptually, given that the inputs to a wastewater treatment plant and
correspondingly the activity of the activated sludge bacteria are highly variable (Grady et al.,
1999), it can be expected that there would be some degree of diurnal variability in N2 0
emissions. Furthermore, due to the fact that the activated sludge bacteria have varying
activities in different zones of the bioreactors (Grady et al., 1999), a certain degree of spatial
variability in N2 0 emissions is also expected from anoxic, anaerobic and aerobic zones. Such
spatial and diurnal variability in N20 emissions is not considered in the calculation of N20
emission factor for the Boadilla WWTP.
Despite the potential for spatial and temporal variations in N20 production and emission, as
well as the unexpected electricity outage, the N20 concentration in the aerobic zone appears
reasonable uniform, spatially, based on the data we acquired. Given that the aerobic zone is
near plug flow condition, a calculation on N20 production and emission in the aerobic zone
can be made as follow.
According to previous analysis, the kLa value for the aerobic zone is very big (380 d-1), which
means that the gas exchange rate is huge in the aerobic zone. Therefore, N20 generated during
denitrification in the anoxic zone will be lost into the air very quickly after it enters the
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aerobic zone. Furthermore, the rate ofN20 lost in the effluent is calculated by multiplying the
averaged dissolved N20 concentration in wastewater (10 mg/m 3) by the flow rate of the plant
(74249m 3/day). The result 8.6 mg/s is far less than the N20 lost to the air (175 mg/s),
indicating that most of the N2 0 is lost to the atmosphere rather than downstream. In steady
state, the N20 concentration in the aerobic zone can be expressed in equation 4.10:
d kL
u-[N 2 0] = ki[NH 3] - L [N2 0] 4.10dx H
where
k, = the reaction rate of N20 production
[NH 3]= the concentration of ammonia being nitrified
kL/H = kLa = N20 mass transfer coefficient for aerobic zone
dxTo the extent that the N20 concentration is spatially uniform u $-[N2 0] =0, and
ki[NH 3] = [N 2 0] 4.11H
The reaction rate of N20 production ki and the gas exchange rate y are both positivelyH
correlated with the aeration rate in the aerobic zone; assuming the correlation is linear means
that ki = c (L), where c is a constant. Therefore, a relationship between [NH 3] and [N 20] can
be concluded:
[N20] = c[NH 3] 4.12
If the above assumptions are true, we can conclude that the N 20 production from nitrification
dominates in the aerobic zone and the production rate ki can be calculated following equation
4.13.
ki = kL[N2 0] 4.13H [NH 3]
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In order to know the ammonia concentrations [NH 3] in the secondary treatment process, a set
of data concerning the flow and concentrations of each N species was obtain for both La
Gavia and Boadilla plants, as shown in Figure 4.11.
La Gavia WWTP
Boadilla WWTP
Figure 4.11. Flow information and concentrations of N species. at La Gavia and Boadilla WWTPs
Since we don't have the ammonia concentrations for the Boadilla WWTP, we need to estimate
it according to the information we have about the La Gavia WWTP. Assume that the primary
influent at the two plants has the same ratio of [NH 3] to [TN], and that the removal rates of
primary treatment at the two plants are the same. Then the [NH 3] in the primary influent of the
Boadilla is 42 mg/L and so the [NH 3] in the secondary influent is also about 42 mg/L. The
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secondary influent is then diluted by internal and external return flows that have little
ammonia. The concentration of ammonia that finally goes into the secondary treatment tanks
after dilution is about 10 mg/L. The N20 production rate ki can now be calculated according
to equation 4.13 and the result is 5*10-6 S-1.
Wunderlin (2012) estimated a N20 production rate during ammonia oxidation under aerobic
condition, which ranges from 33 to 40 ptgN/gTSS.h. TSS at the secondary tanks of Boadilla
WWTP is about 70 mg/L, and N production as N20 can be expressed as 104 ptgN/gTSS.
Therefore N20 production rate in T-1 can be calculated as 33 1 40 pgN/gTSS-h . to 101 S~1.
The N20 production rate estimated by us (5*10-6 s-) is at the low end of this literature range,
so they are consistent.
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Table 4.3 Literature reviews on N20 emission factor for full scale BNR WWTP
Inuence of environmental conditions on the amount of N20 released 2-stage nitrification- 75 to 200 mg/m3 0.001%
from activated sludge in a domestic wastewater treatment plant. denitrification
Sumer et al. (1995) process
Nitrous Oxide Emissions from Wastewater Treatment and Water Activated sludge 190 mg/m 3  1.2% (N20
Reclamation Plants in Southern California. Townsend-Small et al. process with full (averaged for emission=27 kg
(2011) nitrification- denitrification and N20/day)
denitrification nitrification)
Nitrous oxide generation in full-scale biological nutrient removal 7 full-scale BNR O' to 33 mg/m3 for 3.5%±2.7%(Averaged)
wastewater treatment plants. Foley et al. (2010) WWTPs including A2/O (averaged
A2/O process 15 mg/m3)
Dynamics of nitric oxide and nitrous oxide emission during full-scale Full-scale two- 200 mg/m
3  2.3%
reject water treatment. Kampschreur et al. (2008b) reactor nitritation- (estimated from
anammox process Fig.4)
5 CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
e WWTPs are a significant source of GHGs, as discussed in the literature and as
ascertained though LCA at two plants using GaBi software
e N2 0 remains an important piece of the puzzle. There is a high level of uncertainty in the
magnitude and variability of N2 0 emissions from biological nutrient removal (BNR)
processes, under different physical configurations and process conditions. For this reason
the use of generic emission factor to estimate the emission from a specific WWTP is
inadequate. Furthermore, by approximating the N20 emissions using single emission
factors across the board, the spatial and temporal variability as well as the ability of
certain operational conditions to minimize N2 0 emissions is not understood.
" One set of measurement was carefully conducted (based on dissolved N2 0
concentrations), and the result is in line with previous literature. Unfortunately the
microsensor failed, precluding additional measurements, and there was an electrical
outage that might have influenced the results that were obtained. However the site is
great and could easily be revisited. In so doing, direct (air side) measurements would be
a nice complement.
* To improve the level of certainty in the estimation methodologies for direct N2 0
emissions from wastewater systems, measurements should be performed with online
monitors and over the operational range of the WWTP, to understand the temporal and
spatial variability of N2 0 emissions.
e The push to achieve greater nutrient removal from WWTP effluents has resulted in the
development of a wide range of BNR processes. However, BNR strategies could be a
potential contributor to atmospheric N20 depending upon the reactor configurations and
operating conditions. The trade-off between global warming impact and eutrophication
should be studied carefully.
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5.2 Recommendations on Future Research
Through literature review and on-site measurement, this study identified some key process
parameters that affect N20 emission from WWTPs. This knowledge presents a good starting
point for defining mitigation strategies to reduce N20 emission. Besides, a better insight in
N 20 production in natural systems can improve decisions on implementing full nitrogen
removal as a mitigation strategy for N20 emissions from treatment systems as well as natural
systems.
Future research can be focused on:
e Determining the spatial and temporal variability in N2 0 emissions from WWTPs (both
BNR and non BNR), and examining the validity of the single emission factor approach in
estimating the inventory of N20 from WWTPs.
" Devising mitigation strategies to reduce emission via process design and control
* Evaluating emission from various receiving aquatic environments
" Developing a database of N20 emissions from different treatment configurations using a
standard protocol.
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APPENDIX A GABI MODEL FOR LA GAVIA WWTP
Summary of Electricity Usage at La Gavia WWTP
Primary Secondary Sludge treatment
Size NO. Hours Electricity Size NO. Hours Electricity Size NO. Hours ElectricityPump Name kW) f (hr/d) Consumption Pump Name (kW) of (hr/d) Consumption Pump Name (kW) of (hr/d) Consumption
pumps (Kwh/d) pumps (Kwh/d) pumps (Kwh)
Pump 1 ub ut-tg(collector 85 2+1 18 4590 compeor 1 560 3+1 8.4 18816 tigeor 50 2+1 7.8 1170
sur)
pump 2
80 6+1 4.9 2744 (phosphorus 0.81 6+1 5 28.35 dewatering 55 4 12.1 2662
removal)
Pump3 pump 3
(Desarenado 20 4+1 10 1000 (recirculacion 30 6+1 10 2100
desengrado) fangos)
Pump 4 pump 4
(Purga de 5.5 6+1 10 385 (wasted 3.1 4+1 10 155
primarios) sludge)
8719 21099.35 3832
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to
APPENDIX C EVALUATION OF SLUDGE MANAGEMENT
By Jong hyun Lim
1. Introduction
According to the Inventory of U.S. Greenhouse Gas Emissions and Sinks between year 1990 and
2009, the methane gas produced from wastewater contributes 3 -4% GHG emissions of the total
methane production (Inventory of U.S. Greenhouse Gas Emissions and Sinks, 2010). Also, as
methane is more than 20 times as strong as CO2 at capturing heat in the atmosphere, it is crucial
to properly analyze the production of methane and its potential impacts, and find optimal
solutions on reducing methane emissions from conventional sludge treatment system of
wastewater treatment process.
CH4  674.9f 659.97 631.4 672.1 664.6 676.7 686.3
Natural Gas Systems 189.82. 209.3. 190.4 217.7 205.2 211.8 221.2
Enteric Fernentation 132 1 136 .5 136.5 138.8 141.0 140.6 139.8
Landfills 1474 111.7% 112.5 111.7 111.3 115.9 117.5
Coal Mining 84.1, 60.4, 56.9 58.2 57.9 67.1 71.0
Manure Management 31.7 42. 4 46.6 46.7 50.7 49.4 49.5
Petroleum Systems 3 5.4 31.5! 29.4 29.4 30.0 30.2 30.9
Wastewater Treatment 23. 25.2 24.3 24.5 24.4 24.5 24.5
Forest Land Remaining
Forest Land 3.2 14.3 9.8 21.6 20.0 11.9 7.8
Rice Cultivation 7.1 7.5, 6.8 5.9 6.2 7.2 7.3
Stationary Combustion 7.4 6.6 6.6 6.2 6.5 6.5 6.2
Abandoned Underground
Coal Mines 6.0 7.4, 5.5 5.5 5.6 5.9 5.5
Mobile Combustion 4.7 3.4- 2.5 3 2.0 2.0
Composting 0.3 1.3 1.6 1.6 1.7 1.7 1.7
Petrochemical Production 0.9 1.2- 1.1 1.0 1.0 0.9 0.8
Iron and Steel Production &
Metallurgical Coke
Production 1.01 0.9i 0.7 0.7 0.7 0.6 0.4
Field Burning of Agricultural
Residues 0.31 0.3 0.2 0.2 0.2 0.3 0.2
Figure C1 Recent Trends in U.S. Methane Gas Emissions (Tg C02 Eq.)
The aim of the study is to assess the sludge management process that has been used in La Gavia
WWTP and analyze potential alternatives that could have been implemented. As discussed in
above, La Gavia implemented a cogeneration process that uses biogas with high methane content
from sludge for heat and electricity production. The alternatives assessed throughout the study
were chosen based on its their capability of handling methane gas.
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Gas GWP
CO, 1
CH-4* 21
N20 310
HFC-23 11.700
HFC-32 650
HFC-125 2.,800
HFC-134a 1.300
HFC-143a 3.800
HFC-152a 140
HFC-227ea 2.900
HFC-236fa 6.300
HFC-43Omee 1,300
CF 4  6.500
C2F6  9,200
C4Fio 7,000
C6F14  7.400
SF 6  23.900
Source: IPCC (1996)
* The CH 4 GWP includes the direct effects and those indirect effects due to the production of tropospheric ozone and
stratosphenc water vapor. The indirect effect due to the production of CO 2 is not included.
Figure C2 Global Warming Potential of Methane
Sludge Management System in La Gavia Wastewater Treatment Plant
As discussed in previously, La Gavia WWTP adopted cogeneration process that recycles the
biogas produced from the anaerobic digestion process of sludge collected from both primary and
secondary treatment. The biogas combustion process uses biogas as a fuel source to produce
both electricity and heat that are used throughout the plant. According to data retrieved from
Cadagua, there is a daily average of 9,100 Nm3 of biogas combustion which produces 19,800
kWh per day and 200 kWh of heat energy per day in La Gavia WWTP. Total electricity usage
throughout the plant is about 40,000 kWh per day; hence, the cogeneration covers approximately
half of the plant's electricity consumption. However, the amount of heat energy getting recycled
is relatively low due to the warm climate in Madrid, Spain. The heat energy is typically used for
heating sludge in anaerobic digestion process, but the heat source for such use is only required
during winter months in Madrid. Throughout the study, these numbers have been used as
baseline data for cogeneration process.
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Sludge Management Options
LCA is used to analyze sludge management options. The scenarios that are assessed include:
1. Cogeneration and incineration of digested sludge
2. Cogeneration and agricultural land application of digest sludge
3. Composting of sludge and agricultural land application of sludge waste
These scenarios have been chosen based on technologies that can reduce substantial amounts of
methane gas emissions.
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2. Life Cycle Assessment of Sludge Management
Objective
The goal of this study is to analyze the environmental impacts of various techniques of sludge
management that can be adopted in wastewater treatment plant. The work has been completed
through use of LCA software, GaBi. The case study of La Gavia WWTP uses cogeneration
process and land application. The results of the study are anticipated to be useful in determining
current environmental performance of sludge treatment in La Gavia plant.
System Boundaries
The system boundary of the study begins with the generation of raw sludge from the primary and
secondary treatment processes of the WWTP. The LCA through GaBi sets the boundary from
collection of sludge to the ultimate disposition of sludge in waste form, either from incineration
or through agricultural application. The approach adopted for this specific LCA is called Cradle
to Cradle as the recycle of energy and environmental credits for producing fertilizers are
reflected. The processes analyzed include the following data:
- Raw material input and output
- green house gas emissions
- transportation
- production and use of heat, electricity, and fuel sources
- credits with respect to energy and fertilizers
The flow chart of Figure C3 illustrates the overall system boundary of study for different
scenarios.
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municipal waste water
Figure C3 System boundary of study
Functional Unit
As this chapter focuses on the assessment of sludge treatment process, the functional unit is
chosen as one tonne of incoming mixed sludge collected from primary and secondary treatment
of WWTP. Gabi enables all the processes throughout its LCA to be scaled based on this
functional unit.
Life Cycle Impact Assessments
Overall, there are four types of environmental impact categories assessed by GaBi's LCA
analysis:
1.
2.
3.
Global Warming Potential
Eutrophication
Acidification
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4. Ozone Depletion Potential
Each of the above categories potentially contributes significant environmental impact, and hence
these four categories of environmental impacts are analyzed in details later in this chapter.
General Assumptions of Study
- Operation of the wastewater treatment plant is not considered as part of LCA since it is shared
among all the scenarios.
- Geographic boundary is set to Madrid, Spain and most of the life cycle inventory data are
gathered for Spain, if available, or Europe in general.
- A few processes and products (i.e. construction of biogas combustion chamber) that have small
impact potential to overall LCA are omitted.
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3. Life Cycle Inventory of Three Scenarios
1) Scenario One: Anaerobic Digestion and Incineration
La Gavia adopted a sludge digestion and cogeneration process which uses the biogas produced
for heat and electricity production. Overall, the raw sludge goes through a three step process in
which ethane and other gases are produced. The first step is hydrolysis of lipids where
macromolecules are converted into smaller and more digestible forms by inhabiting bacteria.
The second step decomposes these molecules into fatty acids by facultative and anaerobic
bacteria. Finally, methogenic bacteria digest these acids and emit methane gas. Throughout
anaerobic digestion, constant heat is typically required.
The incineration process involves the thermal treatment of municipal waste with typical
technology used in Europe. Two different incineration models are reflected in the LCA model;
one with a wet and one with a dry flue gas treatment gas treatment are mixed and built in this
analysis. The incineration has capacity to produce energy in form of both heat an energy as well.
Figure C4 depicts the general process of Scenario 1 and its system boundary used in GaBi.
Electricity/Heat Electricity/Heat Electricity/ Heat
Source Req'd Source Req'd - Source Req'd
1 0 1 0 1 0
Sewage
Sludge
Waste and
Ash 0
Heat
Production
0
0
Figure C4 Flow chart of Scenario 1
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Anerobic Digestion
Throughout the system, one tonne of raw sludge resulting from primary and secondary treatment
is subject to anaerobic digestion. Data for the digestion process is gathered from literature
review and La Gavia WWTP.
According to data retrieved by Cadagua, La Gavia WWTP produces about 12.4 tonne of sludge
per day and 9,111 Nm 3 of biogas per day on average. Hence, the daily production of biogas per
tonne of sludge in La Gavia WWTP is approximately 735 Nm3.
The energy consumption numbers from Table Cl, expressed on a per tonne of sludge basis, are
applied throughout the LCA (Hospido et al 2005). The heat consumption for La Gavia is
relatively low due to the warm temperature in Madrid that doesn't require constant heating of
sludge.
Table C1 Energy usage of anaerobic digestion process for 1 tonne of sludge (Hospido, 2005)
Consumption Value
Heat Consumption 14.7 kWh
Electricity Consultion 88.3 kWh
Emissions associated with the digestion process include emissions of biogenic C02, methane gas
escapes to the air, and breakdown of organics emitting nitrogen which produces nitrogen oxides.
The data is collected from Hospido et al (2005) and emissions are summarized later in this
chapter.
Biogas Combustion
Biogas produced from the anaerobic digestion process is burned to produce energy in both
electricity and heat format. Data from Cadagua indicates an average of 2 kWh of energy
production per 1 Nm3 of biogas and that 99% of the energy is recycled as electricity and 1% as
heat. Hence, one tonne of sludge producing 735 Nm3 of biogas would generate the following
energy.
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Table C2 Energy recycle from biogas combustion in La Gavia
Energy Value
Electricity Production 1455 kWh
Heat Recycled 14.69 kWh
The electricity production from the cogeneration production is considered as a credit in LCA and
the energy production saved from the process would give positive environmental impacts.
Through using GaBi's built in data for electricity production in Spain, the environmental credit
was reflected in LCA. GaBi's data assumes the following mix of electricity production as shown
in Figure C5.
Electricity Mix - ES . Nuclear
0,8% 0,0% 0,1% * Lignite
" Hard coal
" Coal Gases
i Natural gas
0,5% 1, Heavy fuel oil
0,2% a Biomass
0,6% a Biogas
a Waste
a Hydro
* Wind
0,4% a Photovoltaic
* Solarthermal
0 Others
Figure C5 Electricity production in Spain built into GaBi
The electricity mix includes imported electricity from neighboring countries, distribution losses
and own use by energy producer. The data set considers the whole supply chain of the fuels
from exploration, to the extraction and refinement, and to the transport to the power plants.
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Drying
Sludge drying is typically part of wastewater treatment plants. Drying involves a thermal
process that requires intensive energy consumption. According to Poulsen & Hansen (2002),
about 1638 kWh of electricity is required to dry one tonne of sludge. Also, the process emits
VOC particles to the air at 0.04kg per tonne of sludge.
Sludge drying has also has an ability to produce heat energy at 1230 kWh per tonne of sludge
(Poulsen & Hansen 2003); however, there would not be a proper use of heat recycle in the warm
weather in Madrid, Spain. Hence, the heat energy recycle from thermal drying process has not
been considered throughout the study.
Subsequent to the drying process, the mass of sludge is reduced to 0.78 tonne.
Incineration in Europe
Data for an incineration plant in Europe is built into GaBi and represents an average European
municipal solid waste (MSW) to energy incineration plant. Environmental impacts for collection
of the sludge and pretreatment are not included within GaBi inventory; however, the drying
process described in previous section includes these missing data. The overall process is
summarized in Figure C6.
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Emissions* Electricity Heat
Figure C6 Typical incineration process used in Europe
All the inputs and output data for incineration process are scaled for 0.78 tonne of sludge waste
which are carried from the drying process. For 0.78 tonne of waste, there is a production of 105
kWh of electricity. However, the heat that can be recovered from the incineration process is
omitted for the same reason as heat production for drying. The energy credit given to LCA used
the same data built into GaBi as the electricity recycled from biogas combustion process. These
data are based on the electricity grid mix in Spain.
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Summary of Input and Output Data
Throughout Option 1, one tonne of sludge collected from WWTP is used as a base. Table C3
summarizes all of the data used in GaBi.
Table C3 Life Cycle Inventory for Scenario 1
Anaerobic Digestion
INPUT
Heat Consumption
Electricity Consumption
Sludge
OUTPUT
Biogas
CH 4 gas engine
CO 2 (biogenic)
CO
NO2
N 20
Air emission of particles
14.7
88.3
1
734.65
9.73
991
0.84
0.85
0.02
0.08
kWh
kWh
Ton
Nm3
Kg
Kg
Kg
Kg
Kg
Kg
Biogas Combustion
INPUT
Biogas
OUTPUT
Energy Production
Heat Production
NOx
CH4
CO
N20
S02
CO 2
Drying
INPUT
Electricity Consumption
Sludge
OUTPUT
Dried Sludge
VOC Air Emissions
734.65 Nm3
1454.6
14.69
9.11
5.45
4.60
0.0084
0.32
83.60
1638.00
1.00
kWh
kWh
kg
kg
kg
kg
kg
kg
kWh
ton
0.78 ton
0.04 kg
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Incineration
INPUT
Electricity Consumption 34.68 kWh
Natural Gas 3594.14 kWh
Polymer 7.10 kg
Fuel 40.50 kg
Acid 5.40 kg
Dried Sludge 0.78 ton
OUTPUT
Electricity recovered 107.22 kWh
Waste 2.10 kg
Heavy Metal
As 2.98E-03 kg
Be 1.95E-03 kg
Cd 2.65E-03 kg
Cr 0.15 kg
Pb 0.21 kg
GHG Emissions
CO2  2.59E+02 kg
N2 0 0.12 kg
CO 0.88 kg
VOC 4.89E-02 kg
NH 3  2.63E-02 kg
NOx 2.48 kg
CH 4  4.89E-02 kg
2) Scenario Two: Anaerobic Digestion and Agricultural Land Application
Instead of transporting the sludge for incineration, this scenario includes direct land application
for agricultural use. The sludge can substitute for the use of fertilizer from available nutrients
including nitrogen, phosphorous and potassium (NPK). However, the spreading of sludge on
agricultural land can cause pollutions from heavy metal contamination to soil and greenhouse
gas emissions to air. Figure C7 illustrates the overall scope of Scenario 2.
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Electricity/Heat
Source Req'd
Sewage.
Slnage
Electricity Electricity
Polymers
Diesel for
Transportation
Fertilizer
Figure C7 Scenario 2: Anaerobic Digestion and Agricultural Land Application
Anaerobic Digestion
The anaerobic digestion process for Scenario 2 implements the same set of data set as for
Scenario 1 which is based on the La Gavia WWTP.
Biogas Combustion
The cogeneration process of the La Gavia WWTP through biogas combustion is used as the base
process and the same data set is used as in Scenario 1.
Mechanical Dewatering
The electricity consumption for mechanical the dewatering process includes the electricity used
for the operation of the facility and for dehydration subsequent to the dewatering process. The
average electricity consumption for 1 tonne of sludge is about 50 kWh. Also, 5.5 kg of
acrylonitrile polymer are consumed by the process per 1 tonne of sludge (Houillon, 2005).
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At the end of the mechanical dewatering process, 1 tonne of sludge is reduced to approximately
0.78 tonne.
Agricultural Land Application
Spreading sludge waste over agricultural land typically transfers heavy metals to the soil. The
degree of contamination depends on the quality of the influent wastewater. However, the general
data in Table C4 were obtained from Hospido et al (2005).
Table C4 Heavy metal pollutants from land application
Type of Pollutant Mass
Soil emission Cr 0.08 kg
Soil emission Cu 0.19 kg
Soil emission Pb 0.33 kg
Soil emission Zn 1.51 kg
The spreading over farm land requires electricity and fuel sources such as diesel as well as use of
chemicals such as lime and sulfuric acid. These data are summarized later in this section.
Also, there are substantial savings of fertilizer (NPK) throughoutfrom the land application of
sludge due to the high concentration of nitrogen, phosphorous and potassium (NPK) in digested
sludge. For 1 tonne of sludge, about 274 kg of fertilizer are produced (Poulson and Hansen,
2003). The LCA reflects these savings in fertilizer as an environmental credit and the data for
the fertilizer production from a plant is gathered from U.S Life Cycle Inventory Database of
National Renewable Energy Laboratory at https://www.lcacommons.gov/nrel. The summary of
data for a production of 1 kg of fertilizer is shown in Table C5. LCA from GaBi also indicates
that there are 274 kg of natural gas and 71 MJ of electricity savings from the fertilizer production.
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Table C5 Life cycle inventory of fertilizer production from NREL
inputs
Flow
Bituminous coal, combusted In Industrial boiler
D..--. n-..... a.e........ -..e. ...nili, .o .a...,ry...
Dummy, Disposal, Inert solid waste, to Inert material landfill
Domney Energ, anspeciled
Electricity, at grid, US, 2000
Natural gas, procesed, at plAnt
Transport, combination truck, average fuel mix
Transport, tain, diesel powred
Outputs
Ammonia
Carbon <kmaie
Carbon monoxide
runa.. t
Dust, unspecified
Medsene
Nitrogen fertilizer, production mix, at plant
Nitrogen ouddes
Nitrogen, total
VOC, volatile orgnic Colpounds
Zinc
ar/unspecilied
sianaped "
air/unspecilied
irooSFlIsegd
air/unspecilied
root/Flows
air/unspecified
air/unspecified
A Categog A Type
root/Flows ProductFlow
motfi ms Poocctow
root/Flows ProductFlow
sootilows PodctFlMw
root/Flows ProductFlow
itoonos PtoinruclMo
root/Flows ProductFlow
Moteons PkoduciFiner
Tyen
ElementaryFlow
ElerroftWPyFimo
Elementaryflow
ElrnentaryFlow
ElementaryFlow
ElementryFlow
Producti'low
ElernentrFlow
ElemnentaryFlow
ElementaryFlow
ElementaryFiow
Summary of Input and Output Data
LCA of Scenario 2 is based on one tone of sludge collected from the primary and secondary
stages of WWTP. Table C6 summarizes all of the input and output data that were used in GaBi.
Table C6 LCI for Scenario 2
Anaerobic Digestion
INPUT
Heat Consumption
Electricity Consultion
Sludge
OUTPUT
Biogas
14.7 kwh
88.3 kwh
1 ton
734.65 Nm3
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a Unita Arnlount A
kg 8 10e-03
q 9-00"45
kg 9 00e-05
MJ 7.30"-01
kWh 5 07e-02
3 9A46-01
t*km 2 04e-01
trkm 6.20o-01
Ainount
4.05e-04
5.31"41
3,50e-05
3.109-03
2 65e-04
1-00e+00
1APs-0
1.20e-04
4.50e-05
5.00e-07
Unit
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
CH 4 gas engine
CO 2 (biogenic)
CO
NO2
N 20
Air emission of particles
Biogas Combustion
INPUT
Biogas
OUTPUT
Energy Production
Heat Production
NOx
CH 4
CO
N 20
SO 2
CO 2
734.65 Nm3
1454.60
14.69
9.12
5.45
4.61
0.01
0.32
83.61
kWh
kWh
kg
kg
kg
kg
kg
kg
Mechanical Dewatering
INPUT
Electricity Consumption 49.09 kWh
Electricity dehydration 0 kWh
Electricity Storage 0 kWh
Acrylonitrile consumption 5.5 kg
OUTPUT
Dry Sludge 0.78 ton
Land Application
INPUT
Electricity Consumption
Diesel for sludge application
Lime
Polymer
Dry Sludge
OUTPUT
NPK Fertilizer
CH 4
NH3
Nox
CH 4
NH3
58.5
0.73
400
7.1
0.78
274
3.18
1.9
0.82
3.18
1.9
kWh
kg
kg
kg
ton
kg
kg
kg
kg
kg
kg
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9.73
991
0.84
0.85
0.02
0.08
kg
kg
kg
kg
kg
kg
Soil emission Cr
Soil emission Cu
Soil emission Pb
Soil emission Zn
0.08
0.19
0.33
1.51
kg
kg
kg
kg
3) Scenario 3: Composting and Agricultural Land Application
Figure C8 Windrow Composting (http://www.manchesterrecycles.org/Composting.cfm)
Through the waste composting process, pathogens and organic pollutants in the sludge are
reduced. The type of waste composting analyzed in this study is windrow composting. The
process is known to destroy pathogens and produce waste that can be used fertilizer. The waste
is shredded and piled into windrows which are of an ideal shape for composting. Slow aeration
and decomposition are continued until the waste is stabilized. The composted waste is
transported to agricultural land to be spread out. The overall scheme of process is depicted in
Figure C9.
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Electricity Electricity and Electricity
Req'd Finel Req'd 'i d-
sewav 1Diesel f~r
Sludge Dwkig opsigTasotto
Womos FertlizerWaste
Figure C9 Scenario 3: Composting and Agricultural Land Application
Mechanical Dewatering
The same set of data is used as for the dewatering process in Scenario 2 resulting in sludge
reduction to 0.78 tonne in weight.
Composting
Electricity is consumed for further dewatering within a composting plant. According to Poulsen
and Hansen (2003), about 1.lkWh of electricity is consumed for 0.78 tonne of sludge. Also,
tractors are extensively used for forming waste into strips of windrows and about 1.7kg of diesel
is used to operate the machinery. The use of diesel and its combustion would require another
subset of LCI process for GaBi to run LCA. Hence, the greenhouse gas emissions and other life
cycle inventories are collected from U.S Life Cycle Inventory Database of National Renewable
Energy Laboratory at https://www.lcacommons.gov/nrel. The details of LCI are shown in Table
C7 for the combustion of 1L of diesel.
Table C7 LCI of Diesel Combustion
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Inputs
Flowr
Diesel, at refinery
Ouumy.Transpost, poipelbm pegged
Transport, barge, average fuel mix
transport, train, diesel powered
Outputs
Acetaldhyde
Acrolein
Butadiene
Carbon dkndde, fssil
Carbon monoxide, fossil
ninemi, enndmilned in isadunmarrhequaipmaet
Dinitrogen monoxide
Fonaldehde
Methane, fossil
INtrogen oxdales
PAH, polycyclic aromatic hydrocarbons
Particadanna.>7.5 me, and -c 20an
Propene
Su.ur -xds
Toluene
VOC, voade organic corpounds
Xylene
raoCgryo
root/Flows
rootniaws
rot/Flows
rot/loWs
air/unspeciied
air/uNspecWed
air/unspecifed
ailuMspeced
air/unspecifed
Moir/urs
air/unspecilied
aidhmspecied
air/unspecified
airlhnspecified
air/unspecified
air/unspecied
airfAnspecifed
ainspecified
air/unspecified
A Type
ProductFlow
Produci09iew
ProductFlow
ProductFlow
ProductFkm
ElementaryFlow
Elemeanarylurow
SementaryFlow
ElemnftrfiliBementaryFlow
Poducltaow
ElementaryFlow
ElenentasyFlow
ElementaryFlow
ElemntryFion
ElementaryFkow
ElementaryFioa
SementaryFion
ElementaryFloyr
BementaryFlow
ElementaryFlow
Unit
L
tan
t*km
t*km
kg
kg
kg
kg
kg
L
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg9
*Amnount A
1 oe+00
2 84e-02
s25".3
3 36e-03
1-54e-6
1-55e-05
6-50e-07
2.70e+00
1.40e-02
tMO+g
6 78e-05
1.960-05
1,34e-04
2 79e-06
1.65e-03
4.29e-05
5.999-04
6.80e-06
1.359-0
4.74e-06
Furthermore windrow composting requires significant amounts of bulking agent such as wood
chips and straw as mixing agents. Approximately, 380 kg of these materials are required for
0.78 tonne of sludge (Poulsen & Hansen, 2003). LCI. GaBi calculations indicate that the
production of 380kg of woodchips consumes 1,500 kWh of energy. In addition, Hospido et al.
(2005) indicate that the composting of I tonne of sludge produces greenhouse gas emission of
about 55kg of methane and 55kg of carbon dioxide as direct emission to air.
Subsequent to the windrow composting process, 0.43 tonne of sludge waste is transported for
land application for agricultural use.
Agricultural Land Application
The composting process reduces the NPK content of sludge, so the amount of fertilizer that can
be produced from 1 tonne of sludge is less than that of Scenario 2 as windrow composting loses
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more NPK content as waste. Overall, about 151kg of fertilizer is produced from windrow
composting process (Poulsen & Hansen, 2003) whereas 257kg of fertilizer is produced in
Scenario 2.
Similar to the LCA of Scenario 2, 151 kg of fertilizer is credited in GaBi and the same set of LCI
for the fertilizer production is used which is scaled to 151kg of fertlizer. Also, the electricity
consumption of storage facility operation and heating is about 55 kWh and the diesel fuel
consumption of tractors is approximately 0.73kg. The same set of LCI is used for diesel
combustion as for the windrow composting.
Summary of Input and Output Data
Summaries of each sub process of Scenario 3 are shown in Table C8. Similar to the LCA of
other Scenarios, the analysis is based on one tonne of sludge from the WWTP.
Table C8 LCI for Scenario 3
Mechanical Dewatering
INPUT
Sludge 1 ton
Electricity Consumption 49.09 kWh
Electricity dehydration 0 kWh
Acrylonitrile consumption 5.5 kg
OUTPUT
Dried Sludge 0.73 ton
Windrow Composting
INPUT
Diesel Consumption 1.7 kg
Electricity Consumtion 1.1 kWh
Woodchips and straws 380 kg
sludge
OUTPUT
Dried Sludge 0.43 ton
CO2  54.5 kg
CH 4  54.5 kg
Land Application
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INPUT
Electricity Consumption 58.5 kWh
Diesel for sludge application 0.73 kg
Lime 400 kg
Polymer 7.1 kg
Dried Sludge 0.43 ton
OUTPUT
NPK Fertiliser 151 kg
CH 4  3.18 kg
Heavy metal content
Hg 0.0011 kg
Cd 0.0013 kg
Pb 0.05 kg
Cr 0.021 kg
Ni 0.02 kg
Zn 0.7 kg
Cu 0.243 Kg
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4. Life Cycle Impact Assessment
The life cycle impact assessment is performed in accordance with CML 2001 which is
established environmental standard by institute of the Faculty of Science of Leiden University.
The procedure constrains quantitative modeling "to early stages in the cause-effect chain to limit
uncertainties." (http://cml.leiden.edu/about/research-cml.html) Results are grouped in common
categories (e.g. climate change) in CML 2001.
Global Warming Potential (GWP 100)
As discussed previously, global warming is the phenomenon whereby the Earth's atmosphere
gets heated by absorbing infra radiation energy that Earth emits towards space. This process is
exacerbated by the presence of C0 2, CH 4 and N20. The global warming potential of the
ensemble of GHGs is expressed in terms of kg C02-eq as defined over a period of 100 years.
The GWP of each scenario, as computed by GaBi, is shown in Figure C 10.
Global Warming Potential (GWP 100 years) [kg C02-Equiv.]
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Figure C 10 Global Warming Potential in kg CO 2 Eq
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Scenario 3
Both Scenario 1 and 2 include cogeneration of electricity and heat through biogas combustion
which produces 5,240 MJ of electricity. The electricity is then recycled to operate the WWTP
and this recycle is credited within GaBi. Due to substantial savings in electricity production,
green house gas emissions are considered to be reduced throughout the system. Hence, GaBi
indicates that the cogeneration process is treated as a credit to the environment with magnitude
of -640 kg of CO 2 eq with respect to the GWP. As a result, Scenario 1 and 2 show about 30%
and 15 % less GWP than Scenario 3 which does not use cogeneration process.
However, high amounts of CO2 emission from the anaerobic digestion process within Scenario 1
and Scenario 2 make significant contribution to GWP with 1,240 kg of CO2 equivalence. If the
anaerobic digestion could be replaced by a different type of digestion process, cogeneration may
become even more attractive as a sludge management option. Also, if the WWTP were situated
in a colder climate that required a constant heat source, the recycle of heat energy from
cogeneration could save more energy, reducing the overall GWP.
The details of GWP of each subprocesses are shown in Table C9 where environmental credits
are highlighted.
Table C9 GWP of subprocesses of each scenario
Digestion
Biogas Combustion
Electricity Saving
Electricity
Incineration
Incineration Waste
Fertilizer Production
Lime Consumption
Windrow
Composting
Electricity
Composting
Woodchip Production
Scenario 1
1240
222
-649
53
Scenario 2
1240
222
-649
Scenario 3
529
-147
879
-81
484
336
701
532
Eutrophication
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Eutrophication results from the growth of phytoplankton in water bodies due to excess nutrients
such as phosphate and nitrate contributed by fertilizer runoff or the discharge of sewage. For
instance untreated sewage discharged to water bodies can cause algae blooms which degrade the
water body's ecosystem. The eutrophication potential is measured in kg of phosphate
equivalence and Figure CI1 summarizes this potential for each option.
Eutrophication Potential (EP) [kg Phosphate-Equiv.]
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Figure CI1 Eutrophication Potential in kg of Phosphate
Both Scenario 1 and 2 demonstrate substantially higher eutrophication potential due to high
amounts of gas emissions such as NOx and S02 whereas Scenario 3 does not include any
process that emits such gases that contribute to Eutrophication. Overall, the biogas combustion
process could provide significant amounts of environmental benefits by producing electricity;
however, the gases emitted from the cogeneration process have higher eutrophication potentials
than composting. Eutrophication potentials of the subprocesses of each scenario are summarized
in Table C10, where environmental credits are highlighted.
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Table C1O Eutrophication Potential of sub-processes of each scenario
Scenario 1 Scenario 2 Scenario 3
Biogas Combustion 1.187 1.187 -
Electricity Saving -0.17 -0.17 -
Electricity Incineration 0.14 - -
Incineration Waste 0.69 - -
Fertilizer Production - -0.04 -0.024
Lime Consumption - 0.04 0.02
Windrow Composting - - 0.014
Electricity Composting - - 0.181
Woodchip Production - - 0.012
Acidification
Acidification is the ongoing process whereby the pH of the decreases by acid-forming
compounds deposited from the atmosphere. When the anthropogenic gases are emitted to the
atmosphere, acidification is known to be accelerated, causing a threat to the food chains.
Acidification is measured in units of kg S02-eq.
Acidification Potential (AP) [kg S02-Equiv.]
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Figure C12 Acidification Potential in kg of SO2 Equivalence
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As shown in Figure C12, Scenario 1 and 2 contribute about 2 kg S02-eq of acidification whereas
Scenario 3 contributes about twice as much. The two major direct gas emissions impacting
acidification potentials are S02 and CO 2.
Table C1I Acidification Potential of sub-processes of each scenario
Scenario 1 Scenario 2 Scenario 3
Biogas Combustion 4.56 4.56 -
Electricity Saving -3.19 -3.19 -
Electricity Incineration 0.26 - -
Incineration Waste 0.36 - -
Fertilizer Production - -0.35 -0.19
Lime Consumption 0.26 0.13
Windrow Composting - - 0.26
Electricity Composting - - 3.45
Electricity Land 0.23 0.13Application
Table CI1 shows that most of the acidification potential comes from the biogas combustion
process in Scenario 1 and 2. Due to the significant amounts of direct CO 2 and S02 emissions in
this process, about 4.6 kg of SO2 equivalence is generated whereas electricity saved from the
cogeneration credits 3.2 kg of SO2 equivalence to the environment. Because of the lack of
energy recycling in Scenario 3, the composting process is assessed to be the option that causes
most acidification from its intensity electricity consumption in composting.
Ozone Depletion Potential
Ozone depletion is a phenomenon whereby the total volume of ozone in the Earth's stratosphere
is decreased, especially in polar regions. It is typically caused by trichlorofluoromethane (R-l 1
or CFC- 11) and chlorodifluoromethane (R-22). Also chlorocarbons are known to have potential
to form these molecules (Solomon, 1999). Ozone depletion is characterized by kg R 11-eq.
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Figure C13 summarizes the ozone depletion potential for each scenario.
Ozone Layer Depletion Potential (ODP, steady state) [kg R11-Equiv.]
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Figure C13 Ozone Layer Depletion Potential in kg of R- 11 Equivalence
The ozone depletion potential ranges from a credit of order 2.0 E-05 kg of R 11-eq for Scenarios
1 and 2 to a debit of 2.5 E-05 kg of R- 11-eq for Scenario 3. All three options have miniscule
amounts of direct emissions of chlorocarbons. Also, the indirect emissions from production of
electricity is minimal as well due to the phasing out in Spain of all ozone depleting chemicals in
related to energy production (GaBi LCI, 2011).
Hence, the three advanced sludge management options discussed in the study would not
contribute much to the ozone layer depletion.
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5. Sludge Management Summary
Sewage sludge is a waste product that can be recycled by production of biogas from anaerobic
digestion and land application for agricultural use which then can be converted into energy or
fertilizers. Despite the environmental benefits from such recycling, the advanced sludge
treatment options assessed in this study still possess certain environmental impacts. Table
Cl2 assesses each scenario in terms of the four environmental impact categories. For each
category the best scenario is highlighted.
Table C12 Environmental impact assessments of three sludge treatment options
Scenario 1 Scenario 2 Scenario 3
Global Warming Potential [kg C02-Equiv.] 1,416 1,709 2,077
Acidification Potential [kg S02-Equiv.] 1.97 1.81 3.78
Eutrophication Potential [kg Phosphate-Equiv.] 1.11 1.05 0.21
Ozone Layer Depletion Potential [kg R11- -1.81E-05 -2.03E-05 2.50E-05
Equiv.]
Scenario 1 and 2 showed lower global warming potential than Scenario 3 because of their
biogas combustion process with significant energy production. Even more heat could be
recycled if the cogeneration were used in locations with lower temperatures that those
required to operate the WWTP. Overall, Scenario 1 contributes the least GWP as the
incineration produces electricity.
Scenario 3 exhibits the highest acidification potential due to the lack of energy recycling with
composting. This is despite the fact that Scenarios 1 and 2 directly emit acidification related
gases through their biogas combustion process. Hence, the cogeneration process in sludge
management is a preferred option for sludge management if acidification is a major concern.
On the other hand, the energy recycling from biogas combustion does not provide much
environmental credit regarding eutrophication potential. The high amounts of eutrophication
related gas emissions from the digestion and biogas combustion processes of Scenarios 1 and
2 impact eutrophication potential more than Scenario 3.
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Due to minimal chlorocarbon related gas emissions from any of the sludge management
options, and the fact that CFCs are not created in electricity production in Spain,
environmental impacts from ozone layer depletion are insignificant.
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